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INVESTIGATING HOW TIMING OF CASE STUDY PRESENTATION ON 
HUNTINGTON DISEASE INFLUENCES CONSTRUCTION OF ARGUMENT 
WARRANT WHILE LEARNING THE CENTRAL DOGMA OF MOLECULAR 
BIOLOGY 
 
A common belief among pre-medical and medical students is that biochemistry is 
not relevant to practicing medicine. Among topics commonly taught in biochemistry, 
courses include the Central Dogma of Molecular Biology, which is among the most 
critical science topics taught to medical students by biochemistry educators. Perceived 
irrelevance among students may be due to common curricular trends in biochemistry 
education. Many biochemistry courses are found at Research I (R1) universities that 
teach biochemistry using traditional lectures with little evidence of supporting learning 
with real-world applications. Instructors commonly assume that students can make real-
world connections independently during lecture courses, but it is difficult for students to 
establish such connections unless explicit examples are available. The objective of this 
dissertation is to find how the timing of a medical case study presentation can support 
learning the Central Dogma of Molecular Biology among undergraduate learners. 
Specifically, the dissertation seeks to identify how real-world learning situations can 
support students’ reasoning skills while constructing scientific arguments. This 
dissertation utilized a mixed-methods approach to analyze learning outcomes and 
reasoning during argument construction in an advanced genetics course at an R1 
university that utilizes case studies. A published medical case reported on the diagnosis 
of Huntington Disease in a child was provided to students (n=19). Students were able to 
select if they wanted to review the case study before or during class.  
The CBL+ group reviewed the case study before class, and the CBL- group was 
presented the case study during class. Overall, there was no significant difference in pre-
and posttest scores using the Central Dogma Concept Inventory and self-efficacy 
between CBL+ and CBL- groups. However, learning gains were present in additional 
open-response tasks added to the pre- and post- tests. Students demonstrated foundational 
knowledge about the Central Dogma of Molecular Biology, and it appears that 
foundational knowledge remained consistent, but the CBL+ group began to develop a 
deeper understanding. The case study appeared to support both groups in applying the 
Central Dogma to real-world scenarios, but similar to trends in establishing foundational 
knowledge, the CBL+ group began to demonstrate deeper learning.  
Students’ small group discussion and written pre- and post- test responses were 
analyzed to observe argumentation. The CBL+ group tended to construct complete 
arguments on their posttest responses, with a noticeable increase of argument warrants 
compared to the CBL- group, in addition to more detailed supporting arguments. While 
argumentation was less frequently observed during small group discussion, no instances 
of argumentation were observed in the CBL- small group discussion.  
When students were asked to apply the Central Dogma of Molecular Biology to 
Huntington Disease, many students demonstrated increased understanding. Students in 
the CBL+ group demonstrated increased instances on argument construction and 
reasoning. In contrast, the CBL- group experienced minimal student interaction. Case 
studies appear to support student learning, but the timing of case study presentation 
influences argument construction and learning interactions among peers.  
 
KEYWORDS: Argumentation, Case Studies, Biochemistry Education, Genetics 
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CHAPTER 1.  INTRODUCTION TO DISSERTATION STUDY 
1.1 Introduction 
A student enrolled in a biochemistry course spends several hours of their week 
staring at PowerPoint slides during a lecture. The lecture is about metabolic pathways, 
which often requires memorizing starting reactants, intermediates, and products for 
various interconnected pathways. This biochemistry course is a common prerequisite for 
the upper-division student applying to medical school. However, the student does not 
understand why biochemistry is relevant to future medical careers. The student is 
drinking what seems like an endless amount of coffee while attempting to stay awake, 
cramming, and memorizing information for an exam, believing that the information will 
not have future use. The student is struggling to become engaged and interested in the 
content. During the week, the student attends a biochemistry laboratory, following 
standardized procedures to obtain an expected outcome, and submits a laboratory report 
that is “good enough” to receive an “A” for an assignment. The student’s goal is to 
receive an “A” for medical school admission, not because they believe that the 
information is essential for their future medical career. The student does not realize that 
learning the Central Dogma of Molecular Biology, a commonly taught pathway in 
biochemistry, plays a role in diagnosing and understanding genetic diseases such as 
Huntington Disease.  
The scenario above reflects the beliefs and practices of many undergraduate 
students with goals of pursuing careers in medicine and health care. The call for change 
to promote student-centered curricula have emerged in commentary articles and empirical 
literature (Afshar & Han, 2014; Fulton et al., 2012; Ebomoyi & Agoreyo, 2007; 
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Gadbury-Amyot et al., 2009; Watmough et al., 2009). Commentary articles in medical 
education describe the need to move away from rote memorization, specifically the 
memorization of pathways, and to include real-world examples of biochemistry in 
medicine (Afshar & Han, 2014; Fulton et al., 2012). These conversations are supported 
by studies that have reported that medical students perceive biochemistry as among the 
most irrelevant courses (Ebomoyi & Agoreyo, 2007; Watmough et al., 2009). 
 Understanding the connections between genetics and disease are outlined in the 
Scientific Foundations for Future Physicians by the Association of American Medical 
Colleges and the Howard Hughes Medical Institute (AAMC-HHMI, 2009). Additionally, 
the Central Dogma is a requirement of the American Society for Biochemistry and 
Molecular Biology (ASBMB) accreditation standards (ASBMB, 2021). Although not 
required by the American Chemical Society (ACS) biochemistry curriculum, nearly 50% 
of publicly available biochemistry syllabi analyzed from Research I (R1) universities 
indicated that the Central Dogma is a part of the curriculum (ACS, 2015; Sharp et al., 
2020). The Central Dogma is among the most important topics within professional 
medical curricula, according to both medical and biochemistry educators (Hays et al., 
2019). Despite the importance of the Central Dogma in biochemistry and medical 
education, a juxtaposition exists between students’ perceptions and professional 
organizations as well as the professions they represent:  
Today’s physician must be able to apply core science concepts to patients with 
complex clinical problems and to keep pace with the evolution of scientific 
understanding. Physicians must also be able to judge the validity of reports, 
advertisements and website content, and then communicate their insight to a 
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diverse patient population. A deep understanding of biochemical principles 
underlies these skills. Through emphasis of both knowledge and skill, 
competency-based curricula help students achieve these goals. For many 
institutions, implementation of such curriculum will require a dramatic shift in the 
way biochemistry is taught. (Fulton et al., 2012, p. 29) 
Despite the topic’s importance for future STEM careers, such a medicine, many 
undergraduate chemistry courses rely on lecture-based learning, prompting students to 
memorize information. Specifically in chemistry education, students separate the 
mathematical from the theoretical aspects, rather than connect the two components while 
learning chemistry (Nurrenbern & Pickering, 1987; Sawrey, 1990). Lectures promote the 
use of surface-level strategies, such as memorization (Kulak & Newton, 2015; Trigwell et 
al., 1999). Such strategies offer little support in developing deep conceptual 
understandings that are integral to problem-solving, such as in problem-solving situations 
related to medicine.  
 The intent of this multi-manuscript dissertation is to explore students’ 
understandings of the Central Dogma and their ability to apply their content knowledge 
to authentic problem situations presented as a case study. Furthermore, the objective of 
this dissertation is to investigate how real-world applications presented in a case study 
can support students’ reasoning while constructing scientific arguments. Within this 
dissertation, students were presented a case study developed from a published medical 
report. The medical report described the diagnosis of early-onset Huntington Disease 
within a child who was originally diagnosed with depression. The medical report 
described the team’s process towards the eventual and correct diagnosis (see Duesterhus 
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et al., 2004). Before embarking on an investigation about how real-world medical cases 
support argument construction for this dissertation, this introductory chapter creates a 
foundation for the following areas: description of the problem, Central Dogma 
educational trends and current state of Central Dogma education, self-regulated learning, 
and critical thinking and argumentation. This introductory chapter will conclude with 
limitations of the study in addition to research questions and methods.  
1.2 Defining the Problem: Perceived Biochemical Irrelevance May Relate to Lack 
of Real-World Applications  
Perceived irrelevance that has been previously identified among biochemistry 
students may be attributed to students struggling to identify and describe the real-world 
applications of biochemistry (Ebomoyi & Agoreyo, 2007; Watmough et al., 2009). 
Students perceiving biochemistry as irrelevant may be attributed to multiple factors: 1) 
Instructors (experts within their discipline) assume students can make the connections 
from examples given in class (McDermott, 2001); and 2) Students are focused on 
extrinsic goals (i.e., grades), rather than intrinsic goals such as developing self-regulated 
learning skills and application of content (Ertmer et al., 1996). This is supported by the 
Executive Summary (also known as the Delphi Report) by Peter Facione, which 
describes how students require a positive disposition in order to engage in critical 
thinking (1990). For students to engage in critical thinking tasks, students must be able to 
understand the relevance of what they are learning (Facione, 1990). 
The need to create relevant real-world connections for learning has been outlined 
by various scientific societies and organizations (i.e., AAMC-HHMI, 2009). For 
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example, the field of genetics, a discipline often requiring the processes of the Central 
Dogma of Molecular Biology, is rapidly evolving. A New Biology for the 21st Century is 
a 2009 report released by the National Research Council that described the current state 
of biological research in the United States and made recommendations for future research 
directions and for future directions in biology education. A New Biology for the 21st 
Century, also known as the New Biology Initiative, emphasized that current societal 
problems faced by scientists can create relevant problem-solving experiences for students 
(NRC, 2009). Current societal and real-world problems allow students to understand 
science’s interdisciplinary nature and to view living organisms systematically, rather than 
perceiving science at individual levels (i.e., molecules, cells, organs) (NRC, 2009). 
The recommendations provided by the New Biology Initiative include a better 
understanding of individual health and personalized medicine (NRC, 2009). A New 
Biology Initiative describes the need to move research towards personalized medicine, 
specifically through genetics and genomics research. The New Biology Initiative presents 
the Genotype-Phenotype Challenge to promote personalized medicine, which includes 
understanding how various factors, such as the external environment, influences the 
relationship between genotype (genetic make-up) and phenotype (trait or physical 
characteristic). Of particular interest within A New Biology Initiative is the concept that 
mechanisms of gene regulation or mechanisms that control how genes are expressed 
continue to be discovered (NRC, 2009). Once such example includes epigenetics (NRC, 
2009), which are heritable genetic characteristics that do not involve mutations or 
changes in the DNA sequence. Furthermore, the framework discusses that evidence 
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indicates that genetic disease is due to small alterations in many genes, instead of a single 
significant defect on one or a few genes (NRC, 2009).  
Topics recommended for future advancement are rooted in the Central Dogma, 
which describes the flow of genetic information from genes to physical trait or 
characteristic. Genotype is the entire gene set within an organism. Research indicated that 
phenotype is a result of the expression of multiple genes and their interaction (NRC, 
2009). Genes found within DNA act as a blueprint to produce proteins. The respective 
protein interacts with other aspects of an organism’s physiology to create a trait. 
A case study on Huntington Disease can create a context for problem-solving and  
address recommendations outlined by the New Biology Imitative: students can learn how 
an error within transcription (the first step within the Central Dogma) impacts the 
expression of downstream genes. Ultimately, this addresses a common misunderstanding 
that a single disease is the sole factor in the manifestation of disease (Shaw et al., 2008). 
Problems relating to inherited disease require collaborative efforts between basic science 
researchers and physicians. Undergraduate experiences can offer an initial introduction to 
collaborative work between scientists and physicians through collaborative problem-
solving contexts. Undergraduate curricula concerning the Central Dogma should prepare 




1.3 Overview of the Central Dogma of Molecular Biology and Connection to The 
New Biology Initiative  
Francis Crick (1970) introduced the Central Dogma, which comprises three 
processes that describe how protein production occurs from a gene sequence: DNA 
replication, transcription, and translation. Generally, three key molecules play a role in 
the Central Dogma: DNA, RNA, and protein. DNA undergoes transcription to form 
RNA, then RNA undergoes translation to produce proteins. Ultimately, protein products 
contribute to the respective phenotype, such as the manifestation of a genetic disease 
(Shapiro, 2009). Briefly, DNA unwinds to serve as a template for RNA synthesis 
(transcription) in which the synthesized RNA guides polypeptide formation of amino 
acids (translation). The new strand of synthesized amino acids will undergo a series of 
conformational folds to create the final protein product. The example of eye color 
describes the relationship among genes, proteins, and phenotype. A gene codes for a 
protein involved in the development of pigment and determines the darkness of eye color 
(see example in Duncan & Reiser, 2007). Additionally, proteins are one of the types of 
biomolecules that compose cells (see Figure 1) (Gillings & Westoby, 2013). 
1.3.1 Processes within the Central Dogma of Molecular Biology 
The Central Dogma consists of three major steps or processes: replication, 
transcription, and translation (Figure 1). An overview of the individual processes is 
described as follows: 
The Central Dogma begins with replication. The purpose of replication is to 
create a copy of all genetic information, which is required for all cells when they divide. 
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In order for replication to occur, the following must be available: a DNA template (which 
is one strand of the molecular, or one half of the “ladder” when visualizing DNA as a 
ladder-like structure), raw materials to compose the new DNA, and proteins (known as 
enzymes) that “read” the original DNA strand and copies it likeness to an office copier. 
Once DNA has been replicated, or copied, it will contain a strand from the original DNA 
and the newly synthesized strand to form a ladder-like structure (Pukkila, 2001). 
The second step is transcription. Transcription is a process similar to DNA 
replication. However, instead of creating a new DNA strand, the purpose of translation is 
to create an intermediate molecular required for protein synthesis. The intermediate 
molecule in known as RNA and is chemically similar to DNA. Unlike replication where 
the entire genome is copies, only selected genes are “read” to produce RNA. There are 
three major requirements for transcription: 1) a DNA template, 2) materials to build the 
new RNA strand, 3) and proteins to “read” the DNA to synthesize RNA. Transcription is 
the first step in producing protein, which requires that genes are read and is known as 
gene expression. Eukaryotic cells, such as those in humans, require that portions of the 
RNA are “cut out” by proteins (also known as RNA splicing). DNA expression can be 
regulated in several ways, including histone modification, which changes how DNA is 
packaged and stored around proteins (Pukkila, 2001). A type of histone modification of 
interest is DNA methylation (Pukkila, 2001). 
The last step is translation. Translation is the final step that creates a protein from 
a gene. The intermediate RNA is “read” by an additional protein to form a different 
molecule that is chemically distinct from DNA and RNA but contains the same 
information within a gene. The new molecule is a strand of amino acids. The amino acids 
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fold based on the chemical properties present and the folding results in the final protein 
product. Protein sequence is inherent to amino acid sequence.  
Analogies related to language, such as a transcriptionist and translator can be used 
to understand the Central Dogma. An analogy of transcription includes a transcriptionist 
writing information. In this case, a transcriber transcribes DNA to RNA. In translation, as 
information within DNA and RNA will eventually become present in the form of amino 
acids, the differences in chemical structures can be compared to different languages. This 
requires a translator to convert the language from RNA into a different amino acid 
language. In this case, a translator will translate information from RNA into information 
found within amino acids.  
 
Figure 1. Central Dogma of Molecular Biology 
The Central Dogma (represented in black) consists of the following steps: replication, 
transcription, and translation. The connection between protein and phenotype 
(represented in gray) includes protein interactions that contribute to metabolism, which 
describes how proteins contribute to metabolism. Image modified with permission from 




1.3.2 Huntington Disease and the Central Dogma of Molecular Biology 
Huntington Disease (HD) is an example of real-world connections outlined by A 
New Biology Initiative, especially through epigenetics and transcriptional regulation. As 
the New Biology Initiative describes that genetic disease likely results from effects of 
many genes, the observed phenotype in HD may be described by the downstream effects 
on transcriptional regulation due to mutant protein Huntingtin (HTT, abbreviation for the 
protein Huntingtin), or the protein associated with HD. Current research and known 
information about HD demonstrate how a mutation within a single gene influences the 
expression of other genes, which impacts the overall metabolism within a person. 
HD is among the most common genetic neurodegenerative disorders that affects 
5-10 patients per 100,000 individuals and is characterized as a progressive motor 
disorder. Depending on the severity of the disease, patients may experience depression, 
dementia, anxiety, and chorea. HD is an autosomal dominant disorder, meaning that a 
person will develop HD if the gene is passed from one parent. HD symptoms progress as 
the degenerative disorder progresses. Pathogenesis surrounding Huntingtin Disease is 
complex and affects various aspects of the cell. For the purpose of this discussion, 
pathogenesis in relation to the Central Dogma will be briefly described. Early symptoms 
may mirror other disorders, such the HD case study in an adolescent that was presented to 
students in this dissertation study (Duesterhus et al., 2004).  
Interestingly, whole-genome studies have determined groups of mRNAs that may 
be implicated in Huntington Disease. Such changes in RNA associated with Huntington 
Disease include transcription, neurotransmitter receptors, and synaptic transmission 
among other cellular processes. Furthermore, changes in RNA appeared during 
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symptomatic stages, compared to pre-symptomatic stages, indicating the early and 
continuous role of altered transcriptional regulation in Huntington Disease pathogenesis 
(see review by Zuccato et al., 2020). The mutation associated with Huntington Disease is 
the insertion of repeats of the DNA sequence CAG, known as trinucleotide repeats (or 
TNR throughout this dissertation), which is specifically inserted within the gene HTT 
(Figure 2). The insertion creates a hairpin loop structure during DNA replication during 
the first round of replication and is embedded within the gene during a subsequent round 
of replication, which causes the gene to expand (Figure 2) (Liu & Leffak, 2012). The 
length of the trinucleotide repeats will vary in patients. However, the onset of disease is 
associated with the length of the trinucleotide repeats. The longer the trinucleotide repeat 
expansions, the earlier the onset. 
 
Figure 2. Process of Gene Expansion 
Visual representation of TNR and gene expansion compared to normal DNA replication. 
TNR is represented as the gray fragment surrounded by DNA. Image modified with 
permission from Liu & Leffak (2012). 
 
The mutated HTT gene is expressed and eventually produces mutant Huntingtin 
(mHTT), the protein associated with Huntington Disease. Towards the end of the mutated 
protein, known as the N-terminal region, the gene expansion codes for a polyglutamine 
(polyQ) region or the protein. The polyQ region of the protein is highly prone to 
aggregation to form cytoplasmic aggregates and nuclear inclusions within the brain. It 
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had been reported that polyQ aggregates sequester proteins, specifically transcription 
factors, and ultimately cause transcriptional dysregulation. Specifically, the polyQ tail of 
mHTT interacts with glutamine-rich regions of transcription factors.  Genes targeted by 
their respective transcription factor have been reported to be down regulated in 
Huntington Disease. Downregulation of gene expression may be attributed to mHTT 
interacting with their respective transcription factor. In addition to disrupting general 
transcription machinery, mutant HTT also prevents acetyl transferase activity, which 
prevents the relaxation of chromosome for gene expression (see reviews by Kumar et al., 
2014; Labbadia & Morimoto, 2013). 
1.4 Literature Related to Teaching and Learning of the Central Dogma 
Upon review, the literature suggests that trends in teaching and learning may 
contribute to students holding onto persistent misconceptions about the Central Dogma. It 
appears that secondary and post-secondary students rarely engage in situated learning 
environments or a learning environment that engages students in real-world scenarios. 
The literature reveals that a lack of problem-solving environments and current strategies 
may contribute to the persistence of misconceptions in Central Dogma education. Current 
teaching trends relating to Central Dogma education prevents students from solving real-
world problems, as outlined in A New Biology for the 21st Century. 
In addition to the New Biology Initiative recommendations, several professional 
organizations including the American Society for Biochemistry and Molecular Biology 
(ASBMB) and the American Chemical Society (ACS) have identified the importance of 
learning the Central Dogma (ACS, 2015; ASBMB, 2021; NRC, 2009). ASBMB 
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recommends that the themes relating to the Central Dogma are integrated throughout 
undergraduate curricula (2021). While ACS does not require the Central Dogma in 
biochemistry courses, it frequently appears in biochemistry course syllabi at Research I 
(RI) universities (Sharp et al., 2020). Medical and biochemistry educators have identified 
the Central Dogma as one of the most important topics to teach to future physicians 
(Hays et al., 2019). Among courses at RI universities, it appears that students likely learn 
biochemistry using traditional lecture methods (Sharp et al., 2020). Lectures prevent 
students from establishing connections between course content and real-world 
applications (McDermott, 2001). Such methods promote surface-level learning strategies 
such as memorization (Trigwell et al., 1998), which limits the development of reasoning 
skills required to learn and apply the Central Dogma to explain underlying mechanisms 
of current health problems and potential genetic solutions to these problems. 
Presented is this introductory chapter is an overview of literature that provides a 
deeper investigation regarding the current state of Central Dogma education in 
biochemistry, genetics, biology, and related courses at both secondary and postsecondary 
levels. 
1.4.1 Perceived Difficulties of Teaching and Learning the Central Dogma of Molecular 
Biology 
The Central Dogma has a strong interdisciplinary nature, but it is perceived as 
among the most challenging biological and biochemical topics to teach (Marbach-Ad & 
Stavy, 2000; Southard et al., 2016). Factors  contributing to the difficultly of learning 
Central Dogma include technical terminology, highly theoretical concepts without 
conscious experiences, and various types of reasoning employed (Duncan & Reiser, 
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2007; Fisher, 1985; Jensen et al., 2013; Marbach-Ad & Stavy, 2000; Southard et al., 
2016). Learning Central Dogma requires learners to create models of each mechanism 
within DNA replication and transcription and the downstream effects when mutations 
occur. The limited use of physical models or observations of the events beyond 
simulations places a heavy emphasis on students creating their own mental models to 
make sense of the processes (Marbach-Ad & Stavy, 2000). While learning the Central 
Dogma, students typically receive support through repeated explanations due to the 
limitation of physical models while learning the Central Dogma, which typically results 
in memorization (Jensen et al., 2013). Consequently, students are often learning with 
minimal support as they engage in mechanistic and spatial reasoning processes required 
to understand the Central Dogma (Southard et al., 2016). An example of employed 
mechanistic reasoning while learning the Central Dogma includes thinking about 
translation where students are required to recognize the key elements (i.e., RNA 
transcript, ribosome, tRNA, and amino acids) and the processes that connect such 
elements (i.e., tRNA interacting with the RNA transcript) (Southard et al., 2016). In 
addition to mechanistic and spatial reasoning employed with minimal scaffolding, 
understanding the Central Dogma requires students to transfer knowledge from different 
organization levels ranging from molecular to cellular levels (Duncan & Reiser, 2007; 
Southard et al., 2016). 
1.4.2 Central Dogma of Molecular Biology Curricular and Assessment Trends 
Curricular shifts for teaching the Central Dogma have emerged with calls for 
changes within science education to move away from traditional didactic learning (i.e., 
ACS, 2015; ASBMB, 2021; NRC, 2009). Approximately half of ACS-approved 
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biochemistry courses include the Central Dogma (Sharp et al., 2020). Given the 
commonality of lecture as the preferred teaching modality in courses presenting the 
Central Dogma, it is necessary to identify the efforts that have been conducted to improve 
Central Dogma education. The literature indicates that current trends include scaffolding 
to support mechanistic and spatial reasoning, strategies to categorize information, and the 
emergence of situated learning (Bergland et al., 2016; Briggs et al., 2016; Cloud-Hansen 
et al., 2008; Cornely, 1998; Duncan & Reiser, 2007; Johannson et al., 2012; Newman et 
al., 2018; Pennington et al., 2014; Rotbain et al., 2005; Schneider & Linton, 2008; 
Takemura & Kurabayashi, 2016; Venville & Treagust, 1998; Witzig et al., 2013; Zhang, 
2011).  
1.4.2.1 Efforts to Facilitate the Development of Mental Models 
Teaching strategies to support secondary students in learning the Central Dogma 
have focused on scaffolds to develop mental models. Among high school students, 
supporting the development of mental imagery ranges from analogies to computer 
simulations. Venville and Treagust (1998) studied students’ understanding of topics 
related to the Central Dogma from three classrooms with different instructors. One of the 
instructors relied on analogies, such as comparing the structure of DNA to a ladder, while 
another instructor used paper cutout models to determine the amino acid sequence 
(Venville & Treagust, 1998). According to post-instruction assessment, the models 
facilitated the understanding that genes control characteristics and the chemical 
composition of DNA. However, students experienced a decrease in understanding that 
DNA is the building block of all living organisms (Venville & Treagust, 1998). Thus, 
they lacked  a system view of the Central Dogma.  
16 
 
Similar types of modeling were used by Duncan and Reiser (2007) and Rotbain et 
al. (2005). Duncan and Reiser utilized bead models to demonstrate DNA structure and 
interactive computer simulations (2007). Students used these activities to interpret and 
translate genetic code into proteins. This instructional strategy was within the context of 
sickle cell anemia and antibiotic resistance, but context integration was not described 
(Duncan & Reiser, 2007). Duncan and Reiser concluded with contradictory results 
compared to Venville and Treagust (1998). Unlike Venville and Treagust (1998), Duncan 
and Reiser observed an increased understanding that individuals have genetic makeup 
and genes are a blueprint, but students experienced a decreased understanding that genes 
control everything about the body (2007). Rotbain et al. supplemented instruction using 
drawing, painting, figure completion, and finding missing words (2005). All activities 
had guided questions. The study concluded that while students experienced an increased 
understanding of the various molecular structures, students still experienced difficulties 
understanding the connection of the various processes within the Central Dogma 
(Rotbain et al., 2005). 
The use of physical models to teach the Central Dogma in college classrooms also 
emerges in literature. A study completed by Newman et al. (2018) purchased physical 
models from 3D Molecular Designs; the models taught students about the specific 
processes within the Central Dogma. Within this three-year study, sophomore biology 
students enrolled in a Cell and Molecular Biology Course interacted with models used to 
supplement lectures. Students who worked with models performed better on the Central 
Dogma Concept Inventory test, which may have attributed to a reduced cognitive load by 
using three-dimensional models (Newman et al., 2018). Cognitive Load Theory describes 
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that students can only process so much information at one time and the use of physical 
models removes the necessity to hold information utilized in mental models while 
physical models clears mental space in students’ short-term working memory for sense 
making activities (Newman et al., 2018). Additional strategies designed to teach the 
Central Dogma processes include role-playing activities in college courses, as described 
by Takemura and Kurabayashi (2014), where overall learning gains were observed. 
1.4.2.2 Teaching Strategies to Support Memory Retention  
Given that many college-level biochemistry courses rely heavily on traditional 
lectures (Sharp et al., 2020), strategies to support memory retention are present within the 
literature. An example includes a study by Pennington et al. (2014) that studied playing 
the game “Hangman” to help students remember amino acid structures. When students 
had idle time during their undergraduate biochemistry lab (such as waiting for an 
incubation period to end), the instructor generated a word list using amino acid single 
letter codes (abbreviations for amino acids) and students had to draw the amino acid 
sequence. After this study, students gained memory retention with regards to memorizing 
amino acid structure. 
Another strategy employed in literature to support learning of the Central Dogma 
is concept maps. Briggs et al. (2016) provided students a list of 27 terms. The terms 
reflected monomers, polymers, regulators, and enzymes found within the Central Dogma. 
The students developed a concept map that demonstrated how the terms were related. 
Findings from the pretest and posttest revealed statistically significant differences in the 
complexity and validity of students’ concept maps. Thirty-three percent of students did 
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not produce a valid concept map at the beginning of the semester but provided a valid 
concept map upon completion of the course (Briggs et al., 2016). 
1.4.2.3 The Emergence of Situated Learning  
Instead of utilizing physical models and methods to categorize information, 
Witzig et al. (2013) exposed college students to different phenomena related to the 
Central Dogma, such as extracting DNA from a banana or discussing the Griffith 
experiment, to demonstrate that gene expression leads to protein production. The study 
by Witzig et al. (2013) is an example of how molecular biology activities demonstrate the 
Central Dogma but do not often create real-world application in the activity model. 
Creating real-world applications using case studies within the context of inherited 
diseases has been completed by Cornely (1998): Students accurately described how a 
missing or defected enzyme contributes to a specific phenotype while solving case 
studies related to inherited diseases in a one-semester biochemistry course. Upon 
completion of the case studies, students reported they increased in self-efficacy, enjoyed 
the real-world applications, and perceived the case studies as a valuable experience 
(Cornely, 1998). 
Real world applications created by authors such as Cornely (1998) are examples 
of situated learning experiences. Situated learning is relevant classroom context within 
students’ learning environment (Lunce, 2006). An example of creating situated learning 
experiences within the university classroom includes the use of case studies within a 
lecture course. To date, it appears that situated learning in relation to inherited genetic 
disorders may be limited. However, literature reports on the use of case studies to address 
one aspect of the Genotype-Phenotype Challenge within the New Biology Initiative: the 
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relationship between human genetics and microbial communities. Literature has reported 
using case studies to teach the Central Dogma in the context of infectious diseases. For 
example, a case study software program described by Bergland et al. (2016) utilized 
computer simulations and internet conferencing while solving an infectious disease case 
study and reported growth in learning outcomes, including improved confidence. An 
example of case study to create a situated learning experience includes a 23-year-old 
woman encouraging her brother to received genetic testing for Huntington Disease. 
Within this particular simulation students conducted a virtual Southern blot protein 
analysis and summarized the results. Video conferencing supported discussion regarding 
genetics testing at a young age for diseases with no treatment (Bergland et al., 2016). The 
case study simulation software creates a storyline to support student engagement. 
Similarly, an implemented case study about gonorrhea helped students understand the 
relationship between bacteria in human health and how genotype influences disease 
phenotype (Cloud-Hansen et al., 2008). 
Similarly, lessons and activities beyond case studies have been proposed activities 
to teach the Central Dogma that addresses the microbiome aspect of the Genotype-
Phenotype Challenge, which considers the relationship between microbiome flora and its 
relationship with the host. Johannson et al. (2012) proposed that students engage with 
bioinformatics tools, such as DeepView, for protein visualization. Such activities allow 
students to engage with protein crystal structures. Schneider and Linton (2008) proposed 
an activity (not an empirical study) where students study a protein associated with a 
genetic disease. Within this activity, students are responsible for determining how the 
protein structure contributes to the observed disease state (i.e., disrupted protein active 
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site or hindered protein-protein interactions) (Schneider & Linton, 2008). A similar 
activity developed by Zhang (2011) proposed that students study the CFTR gene 
mutation in cystic fibrosis by examining the gene sequence for mutations, studying the 
amino acid sequences, and the overall protein structure. 
It appears that such activities related to inheritable genetic disorders that address 
the recommendations within the New Biology Initiative may need further development. 
Such case studies will need to be studied for their effectiveness in educational settings, in 
addition to making explicit connections to the Central Dogma. Future recommendations 
for Central Dogma education include revising how students learn molecular genetics 
through situated learning, such as case-based learning. Case-based learning creates a 
situated learning environments to support students in understanding how the Central 
Dogma connects to real-world applications by directly interacting with and constructing 
explanations or solutions. 
1.4.3 Common Misconceptions while Learning the Central Dogma of Molecular 
Biology 
Both high school and college students appear to struggle with overall themes 
relating to the Central Dogma. Literature indicates that students appear to struggle to 
conceptualize proteins as products of gene expression regardless of their education level 
(Duncan & Reiser, 2007; Fisher, 1985; Lewis et al., 2004; Rotbain et al., 2005; Saka et 
al., 2006, Todd & Kenyon, 2016). Studies have indicated that students may experience 
difficulty properly categorizing molecular mechanisms within the Central Dogma 
(Southard et al., 2016). Misconceptions related to the overarching processes within the 
Central Dogma may relate to misconceptions specific to DNA transcription and 
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translation processes. More details regarding common misconceptions are presented in 
Chapter 2. 
1.4.4 Concluding Remarks on Related Literature 
Referring to A New Biology for the 21st Century, frequently used methods to 
teach the Central Dogma do not meet the New Biology Initiative's recommendations. The 
New Biology Initiative recommends that students learn biology with current science 
problems (NRC, 2009). A common assumption is that students begin establishing 
connections on their own while learning new content. However, students need explicit 
examples of how content has real-life applications (McDermott, 2001). While modeling 
should reduce cognitive load while learning the Central Dogma, a highly theoretical 
topic, the lack of real-world problems suggested by A New Biology may prevent 
addressing significant misconceptions. 
A literature review indicates that case studies improve Central Dogma learning 
outcomes (i.e., Cloud-Hansen et al., 2008). Given the limited number of empirical studies 
using case-based learning in biochemistry education, future directions require more 
studies to determine how case studies influence learning the Central Dogma, address 
misconceptions, and support reasoning. Case studies that support learning the Central 
Dogma should consider efforts outlined in A New Biology for the 21st Century, which 
will help students understand how topics related to the Central Dogma are employed to 
solve real-world medical problems. 
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1.5 Theoretical and Conceptual Frameworks 
1.5.1 Theoretical Framework: Situated Learning and Social Cognitive Theory in the 
Context of Case-Based Learning 
1.5.1.1  Introduction to Student Learning Motivation  
A driving force to implement case-based learning (CBL) and problem-based 
learning (PrBL) in college education is increasing students’ interest and motivation. 
Within the classroom, serval factors play a role in student learning motivation, such as 
self-efficacy, task value, and interest (Bonney et al., 2005). Self-efficacy, or the belief in 
oneself to complete a task, is a significant contributor to learning motivation. Students 
who possess a high sense of self-efficacy are more adept at completing complex 
investigations, while students with a lower sense of self-efficacy may deter away from 
such tasks and choose to engage in a different activity (Bandura, 1993; Bandura, 2010; 
Bonney et al., 2005). However, students will gain self-efficacy with experience and 
mastery. These include both personal experiences and experiences observing others being 
successful in the endeavor (Bandura, 2010; Bandura & Walters, 1997; Bembenutty et al., 
2016; Bonney et al., 2005). Another motivation factor is students’ perceived value of the 
task, such as relevance or interest (Bonney et al., 2005). Students’ learning motivation 
increases when they understand why the task is essential (Bonney et al., 2005). Student 
interests tend to increase motivation, especially if the classroom activity is a relevant 
learning context for students (Bonney et al., 2005). 
1.5.1.2 Situated Learning and Social Cognitive Theory is the 
Foundation for Student Learning Motivation 
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Increasing student interest and learning motivation in university science 
classrooms leads to the increased popularity of CBL and PrBL. Situated learning and 
Social Cognitive Theory (SCT) provide a theoretical foundation that explains how CBL 
and PrBL influence learning motivation. Situated learning is creating a relevant context 
within the students’ learning environment. The underlying theory behind situated 
learning is that for students to learn, classrooms must cultivate a valuable learning 
experience and students must learn in the context of their respective discipline (or real-
world experiences) (Lunce, 2006). When learning does not occur within real-world 
contexts, the value and relevance of the learning diminishes (Hendricks, 2001; Lunce, 
2006). Situated learning promotes a community of practice, and students utilize peer-
based learning rather than traditional teacher-centered approaches (Lunce, 2006). Rooted 
in Vygotsky’s work, which explained that thinking and understanding occur when an 
individual becomes integrated into a social group, situation learning occurs in a social 
setting (Hendricks, 2001). In situated learning, students acquire cognitive skills and 
strategies through interactions with their peers (Hendricks, 2001). Situated learning 
increases students’ learning outcomes, which likely increases learning outcomes because 
when students learn in relevant contexts, student learning motivation increases (Bonney 
et al., 2005; Hendricks, 2001). CBL and PrBL are examples of situated learning where 
students’ motivation to learn has been reported (i.e., Kulak et al., 2017; Yan et al., 2017). 
Related to situated learning, Social Cognitive Theory (SCT) describes individual 
learning within a social context. According to SCT, learning in a social context occurs 
through a triadic relationship among a person, behavior, and the environment (Bandura, 
2012; Bandura & Walters, 1997; Bembenutty et al., 2016). The triadic model consists of 
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personal factors (cognition, affective states, self-efficacy), environmental factors 
(learning environment and context), and behavior factors (self-regulated learning) 
(Bembenutty et al., 2016 (see Figure 3). When considering situated learning and SCT, 
situation learning creates relevant contexts for student learning and influences personal 
factors, such as self-efficacy, cognition, and self-regulated learning (Bembenutty et al., 
2016; Lunce, 2006). In theory, situated learning increases self-efficacy, which also 
increases motivation and supports self-regulated learning (Bembenutty et al., 2016; 
Bonney et al., 2005). Creating a learning experience that is relevant and meaningful to 
students also supports their motivation to learn. Increased motivation to learn will support 
self-regulated learning. Furthermore, an increase in motivation and self-regulated 
learning will promote positive self-efficacy.  
Within SCT, self-regulated learning is especially important in science education 
through its relationship with critical thinking. The development of scientific inquiry skills 
depends on critical thinking development. Self-regulated learning is a shared process 
between SCT and critical thinking (Bembenutty et al., 2016; Facione, 1990), in which 
self-regulated learning is the process involved in gaining information (Zimmerman, 
1989). By increasing motivation through self-efficacy and situated learning, self-
regulation improves and fosters critical thinking development. According to SCT, as 
represented in Figure 3, relevant classroom context increases self-efficacy. An increase in 
self-efficacy is associated with increases in self-regulated learning. Theoretically, 





Figure 3. Social Cognitive Theory 
Triadic Model of Social Cognitive Theory (Image modified with permission from 
Bembenutty et al., 2016.) 
1.5.1.3 Self-Regulated Learning in CBL and PrBL in Medical 
Education  
A current understanding of self-regulated learning in medicine provides insights 
into potential benefits of situated learning in undergraduate education to help determine 
how to provide future recommendations related to the New Biology Initiative for 
teaching undergraduate students to solve real-world health problems through CBL or 
PrBL. The literature on self-regulated learning in medical education provides insights 
into factors that influence self-regulated learning, specifically motivation sources. 
A positive correlation exists between PrBL and self-regulated learning 
(Demirören et al., 2016). A more in-depth investigation with qualitative methods reveals 
how motivation influences self-regulated learning. A study completed at a veterinary 
program implemented case-based learning in Systemic Physiology II (biochemistry 
course). The study’s objective was to determine how students responded to CBL, 
students’ interest in CBL, how students approached CBL, and the types of self-regulation 
strategies used. Ertmer et al. (1996) studied attitudes and self-regulation strategies. This 
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study revealed two motivation types upon initial student interviews: intrinsic and 
extrinsic motivation (Ertmer et al., 1996). Intrinsic motivation is the challenge and 
reward associated with learning. Students with intrinsic motivation recognized the real-
world application created by CBL. Students who identified themselves as future 
nonpracticing veterinarians tended to be extrinsically motivated and more concerned 
about course grade. While these students saw value in skills learned during CBL, the 
cases did not apply to future goals. As the course progressed, the researchers noticed that 
intrinsically motivated students appeared to be more engaged in self-regulated learning. 
However, extrinsically motivated students tended to focus more on learning facts than 
processes (Ertmer et al., 1996). Also noted in the study completed by Ertmer et al. (1996) 
is the increased use of self-regulated learning processes used among extrinsically 
motivated students as the semester progressed.    
Similarly, a study completed by White (2007) demonstrated that medical students 
gain intrinsic motivation as they engage in PrBL environments. Initially, students 
experienced difficulty with autonomy and control associated with PrBL. However, 
learning motivation increased among students and effectively transitioned to their 
respective clerkships.  
In contrast, students who engaged in traditional didactic coursework experienced 
difficulty engaging in self-regulated processes while transitioning into their clerkships 
(White, 2007). PrBL created a situated learning experience to prepare students for 
clerkships. In agreement with White’s (2007) findings, a study by Kim and Jang 
measured changes in medical students’ motivation and self-regulation in a lecture-based 
curriculum (2015). While intrinsic motivation increased between the two years of 
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coursework, students demonstrated a decrease in self-regulation over time (Kim & Jang, 
2015). It appears that despite the intrinsic motivation, traditional lecture-style curricula 
did not increase students’ self-regulation processes. 
Similar to PrBL preparing medical students for clerkships (White, 2007), CBL 
and PrBL can create situated learning experiences to prepare future physicians and 
researchers to address the New Biology Initiative’s recommendations. Self-regulating 
literature reveals important aspects for CBL and PrBL design: CBL and PrBL design 
motivates a diverse group of students; traditional lecture limits self-regulated learning; 
and students gain motivation and autonomy over time while engaging in CBL or PrBL 
(Ertmer et al., 1996; Kim & Jang, 2015; White, 2007). Like the veterinary course 
consisting of future practicing and nonpracticing veterinarians (Ertmer et al., 1996), an 
undergraduate biochemistry course will consist of future physicals and professional 
scientists. Case studies must be appealing to all students to support self-regulated 
learning by increasing motivation. Most importantly, even if students begin a CBL or 
PrBL learning experience with extrinsic motivation, pedagogical strategies may support 
intrinsic motivation, which should support self-regulated learning (Ertmer, 1996; 
Bandura, 2010; Bandura & Walters, 1997; Bembenutty et al., 2016; Bonney et al., 2005).   
1.5.2 Conceptual Framework: Argumentation and Critical Thinking  
1.5.2.1 Overview of Critical Thinking 
Generally, critical thinking is an individual engaging in reflective thinking. The 
concept of critical thinking gained interest in the 1980s, which resulted in several 
proposed critical thinking definitions (Facione, 1990; Jiménez-Aleixandre & Puig, 2012). 
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For example, Ennis proposed that critical thinking was the engagement in self-reflection 
when deciding what to believe or do. Critical thinking has a set of abilities and 
dispositions (Ennis, 1987; Jiménez-Aleixandre & Puig, 2012). Siegel proposed a similar 
definition but extended the idea by proposing that critical thinking requires a 
dispositional component and that an individual is unable to engage in critical thinking 
without willingness or desire (Jiménez-Aleixandre & Puig, 2012; Siegel, 1988). In 
contrast, McCarthy suggests that while dispositions influence critical thinking, a 
disposition is not a part of the thinking process (McCarthy, 1992, Jiménez-Aleixandre & 
Puig, 2012). Lastly, Kuhn argued that critical thinking is a reasoned argument and social 
activity. While engaging in critical thinking through argumentation, an individual should 
have the following skills: determining if a statement is an opinion or claim, using 
evidence to support claims, and developing alternative explanations to counterarguments 
(Kuhn, 1991; Jiménez-Aleixandre & Puig, 2012). 
The proposed definitions appear in the results of a panel formed by the American 
Philosophical Association (APA) Committee on Pre-College Philosophy in 1987 
(Facione, 1990). Towards the end of the 1980s, critical thinking was gaining interest in 
secondary and undergraduate classrooms, and APA assembled a committee to determine 
the current state of critical thinking. Known as the Delphi Report or the Executive 
Summary, the committee concluded that critical thinking consists of two dimensions: 
cognitive and disposition dimensions (Facione, 1990). With the report, the committee 
established the following definition for critical thinking: 
We understand critical thinking to be purposeful, self-regulatory judgment which 
results in interpretation, analysis, evaluation, and inference, as well as explanation 
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of the evidential, conceptual, methodological, criteriological, or contextual 
considerations upon which that judgment is based. CT is essential as a tool of 
inquiry. As such, CT is a liberating force in education and a powerful resource in 
one's personal and civic life. While not synonymous with good thinking, CT is a 
pervasive and self-rectifying human phenomenon. The ideal critical thinker is 
habitually inquisitive, well-informed, trustful of reason, open-minded, flexible, 
fairminded in evaluation, honest in facing personal biases, prudent in making 
judgments, willing to reconsider, clear about issues, orderly in complex matters, 
diligent in seeking relevant information, reasonable in the selection of criteria, 
focused in inquiry, and persistent in seeking results which are as precise as the 
subject and the circumstances of inquiry permit. Thus, educating good critical 
thinkers means working toward this ideal. It combines developing CT skills with 
nurturing those dispositions which consistently yield useful insights and which are 
the basis of a rational and democratic society. (Facione, 1990, p. 3) 
The critical thinking definition proposed in the Delphi Report appears to agree with the 
previously discussed critical thinking experts. Critical thinking consists of cognitive skills 
and a dispositional component (Facione, 1990; Jiménez-Aleixandre & Puig, 2012). Ennis, 
Siegel, and the Delphi Report describe the importance of a dispositional component and 
the difficulty to engage in critical thinking unless the individual has a positive disposition 
(Ennis, 1987; Facione, 1990; Jiménez-Aleixandre & Puig, 2012; Siegel, 1988). The 
Delphi Report states, “…one would find the panelists to be in general accord with the 
view that there is a critical spirit, a probing inquisitiveness, a keenness of mind, a zealous 
dedication to reason, and a hunger or eagerness for reliable information which good 
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critical thinkers possess but weak critical thinkers do not seem to have” (Facione, 1990, 
p. 3). Even if a student has learned to become a critical thinker, it is difficult to undergo 
this task without willingness or desire. Based on the information provided by Facione 
(1990), a relevant learning experience is the first step in hypothesis development and 
critical thinking.  
The Delphi Report expands on the specific characteristics of critical thinking.  
The Delphi Reports states that cognitive skills include interpretation, analysis, evaluation, 
inference, explanation, and self-regulation (Facione, 1990). Consistent with Kuhn, who 
stated that critical thinking is a reasoned argument, the Delphi Report states that 
argumentation appears as subskills for most critical thinking cognitive skills (Facione, 
1990; Kuhn, 1991; Jiménez-Aleixandre & Puig, 2012).  
Analysis that utilizes argumentation is the first critical thinking skill outlined 
within the Delphi Report. Analysis includes identifying and analyzing arguments. 
Evaluation includes assessing claims are arguments. Explanation includes presenting 
arguments (Facione, 1990). The relationship between critical thinking and argumentation 
will be a central focus of this review. 
 
Figure 4. Critical Thinking Skills and Subskills 




1.5.2.2 Overview of Argumentation  
Argumentation is the art of persuasion by supporting claims with evidence. 
Closely related to critical thinking, argumentation is often considered a critical thinking 
skill and the outward expression of critical thinking (Facione, 1990; Facione, 1984). 
Argumentation has gained momentum in K12 education. Likewise, argumentation has 
gained interest in university science education (Walker et al., 2019). Argumentation is 
crucial because it is a necessary tool for scientific understanding. Scientific understanding 
requires developing explanations, models, and theories; all these activities require 
argumentation (Erduran et al., 2004). Furthermore, all aspects of science (questions, 
methods, evidence, and explanations) are subject to review and criticism (Duschl, 2003). 
A commonly used argumentation model in university classrooms includes 
Stephen Toulmin’s Uses of Arguments (Toulmin, 2003) (see Figure 5). Toulmin’s 
objective was to move argumentation away from highly theoretical concepts and to 
outline steps so that argumentation has a more practical purpose (Toulmin, 2003). 
Toulmin outlined a pathway between data and conclusion. An argument begins when an 
individual presents data (D) to support a claim (also regarded as a conclusion) (C). An 
individual presents a warrant when describing the relationship between data and the claim 
(W), typically a conditional statement. Occasionally, a warrant may require a supporting 
statement for clarification, known as backing. A rebuttal (R) is a counterargument that 




Figure 5. Simplified version of Toulmin’s Argumentation Model  
(Image modified with permission from Toulmin, 2003.)  
 
Toulmin’s argumentation model appears to serve as an argumentation foundation 
in chemistry education. Other models employed in college chemistry classrooms derived 
from Toulmin’s argumentation model include Claim-Evidence-Reasoning and Argument-
Driven Inquiry (ADI). The Claim-Evidence-Reasoning model is a simplified version of 
Toulmin’s argument model that condenses warrant and backing into one category to 
describe reasoning (McNeill et al., 2006). ADI is a guided-inquiry framework that 
utilizes Toulmin’s argumentation model for assessment (Sampson et al., 2009). 
Developed by Sampson et al. (2009), ADI consists of the following steps to engage 
students in critical discussion: task identification, gathering and analyzing data, 
development of a tentative argument, argumentation session with other laboratory groups 
that allows students to critique and refine arguments, drafting written reports, double-
blind review of reports, revising reports, and reflective discussion as a class. When 
implementing ADI, Toulmin’s model assesses arguments (Walker et al., 2019).  
1.5.2.3 The Role of Reasoning in Critical Thinking and 
Argumentation 
Reasoning is a mutual component of critical thinking and argumentation. Kuhn et 
al. (1992, p. 287) define reasoning as “entailing the coordination of existing theories with 
new evidence bearing on them or… the coordination of two ‘problem spaces.’” 
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Reasoning is the behavior that connects isolated experiences to solve problems (Lewis & 
Smith, 1993).  Similar to the critical thinking described in the Delphi Report, scientific 
reasoning requires evaluation of evidence and theories. Scientific reasoning is also how 
scientists use theories to guide investigations (Kuhn et al., 1992). Evaluating arguments 
can assist in understanding students’ reasoning. In chemistry education research, students 
utilize relational, linear or cause and effect, spatial reasoning, and (rarely) 
multicomponent reasoning/casual mechanistic reasoning (Becker et al., 2016; Bodé et al., 
2019; Moon et al., 2016). 
1.5.3 Commentary on Connections between Theoretical Framework, Conceptual 
Framework, and Research Questions 
Herein, this author proposes that situated learning and SCT with a particular 
emphasis in self-regulated learning explains increased critical thinking skills after CBL 
instruction as represented by students’ argumentation skills. CBL and PrBL units in 
general biochemistry education have reported increased student motivation, interest, 
efficacy, and overall course outcomes (Bruna et al., 2019; Hartfield, 2010; Klegeris & 
Hurren, 2011; Tarhan & Ayyildiz, 2015). A study in biochemistry education also 
reported the increase of students’ critical thinking skills using CBL instruction (Goeden 
et al., 2015). Trends with CBL and Central Dogma education appear to follow general 
biochemistry education, but further advancements are needed to understand how CBL 
influences learning outcomes. In Central Dogma education, students have reported more 
persuasive research skills and are more adept at developing research questions (Knight et 
al., 2008), and they reported an increase in self-efficacy while learning the Central 
Dogma (Bergland et al., 2016; Cloud-Hansen et al., 2008). Motivation is a crucial aspect 
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of learning and often reflects task value or self-efficacy. Theoretically, students should be 
engaged in critical thinking and self-regulated learning if they are motivated to learn. 
Understanding SCT related to CBL and PrBL in Central Dogma education is vital 
because it directly relates to the skills necessary for scientific inquiry. 
Promoting skills necessary for a scientific inquiry has been described as an area in 
need of improvement by A New Biology for the 21st Century. The New Biology Initiative 
recommends teaching undergraduate students in real-world problems faced by scientists 
and physicians, including problems related to health and genetics. Creating situated 
learning experiences using CBL or PrBL and promoting argumentation through SCT can 
address this recommendation. This author proposes a case study to situate students within 
the context of Huntington Disease to learn the Central Dogma. The proposed case study 
should increase students’ learning motivation through task utility and increase self-
efficacy and promote self-regulated learning by adjusting the timing in which students are 
presented a directed case study. Self-regulation promoted by CBL presentation and 
authentic experiences should improve argumentation, a desirable skill in scientific 
inquiry. The proposed case study addresses the New Biology Initiative by situating 
students in current research endeavors to solve problems relating to disease using 
genetics.   
1.6 Research Questions and Methodology  
1.6.1 Research Questions 
The goal of this dissertation is to determine how the use of a medical case study 
can create a situated learning experience that supports the construction of argumentation 
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warrants. The overall research question is: How do students apply concepts relating to the 
Central dogma of Molecular Biology to construct argumentation warrants in their 
explanations for a given medical case? The research question was investigated with the 
following supporting questions:  
1. What are students’ current understanding of the Central Dogma of Molecular 
Biology and skills while applying content to real-world situation prior to CBL? 
2. How does working through a case study within a course context influence 
students’ understanding of the Central Dogma when comparing students who 
received the case study before class and those who receive the case study during 
class? 
3. How does working through the case study affect students’ perceived self-efficacy 
of their understanding of the Central Dogma when comparing students who 
received the case study before class and those who receive the case study during 
class? 
4. When comparing students who were given the case study prior to class discussion 
and students who received the case study during class discussion, what are trends 
in warrant construction among students interacting with a case of the Central 
Dogma?  
5. How does timing of students’ analysis of the case study affect their use of Central 
Dogma in argument construction, with a particular interest in warrants?  
The results of this dissertation include a comparison of two interventions groups 
utilizing convenience sampling. Due to convenience sampling, results of quantitative and 
qualitative findings are descriptions and cannot be generalized to an entire population of 
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Central Dogma learners. Students who completed the case study prior to class are 
referred to as the CBL+ group. Students who received the case study during class were 
provided the opportunity to complete an optional Central Dogma problem set prior to 
class. This group is referred to as the CBL- group. Students completing the case study 
prior to class were denoted CBL+ as they were provided additional exposure to the case 
study, while the CBL- group was provided less exposure to the case before class 
discussion. The research questions, their respective hypothesizes, and the manuscript in 
which they are addressed are outlined in Table 1. The first research question (What are 
students’ current understanding of the Central Dogma of Molecular Biology and skills 
while applying content to real-world situation prior to CBL?) is addressed in the first 
manuscript (Chapter 2). Misconceptions and superficial current understandings are 
persistent in Central Dogma education, which may be attributed to the need of situated 
learning experiences. This manuscript explores students’ understandings of the Central 
Dogma and its connections to phenotype. Furthermore, this manuscript determined 
students’ ability to apply the Central Dogma to explain Huntington Disease. The 
hypothesis of this supporting research question is that students will demonstrate surface-
level understanding of topics related to the Central Dogma and struggle with their 
application of knowledge.  
The second manuscript (Chapter 3) addresses two supporting research questions: 1) 
How does working through a case study within a course context influence students’ 
understanding of the Central Dogma when comparing students who received the case 
study before class and those who receive the case study during class?; and 2) How does 
working through the case study affect students’ perceived self-efficacy of their 
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understanding of the Central Dogma when comparing students who received the case 
study before class and those who receive the case study during class? This manuscript 
investigates how the timing of the case study presentation to students influences their 
gains in content knowledge, as demonstrated by open response tasks and the Central 
Dogma Concept Inventory, which is further described in Chapters 2 and 3. This article 
builds on the first manuscript (Chapter 2) to determine how students’ conceptual 
understanding of Central Dogma changes after solving the case study. Additionally, the 
manuscript investigates how case studies influence students’ self-efficacy about learning 
the Central Dogma. The manuscript presents two hypotheses: 1) Student who receive the 
case study before class (CBL+) will experience higher content learning gains and self-
efficacy compared to the CBL- group; and 2) Students who receive the case before class 
will report improved and positive perceptions related to self-efficacy. 
The last manuscript (Chapter 4) investigates how case studies that create a situated 
learning experience to support students in constructing argument warrants. This was 
achieved by addressing the following research questions: 1) When comparing students 
who were given the case study prior to class discussion and students who received the 
case study during class discussion, what are trends in warrant construction among 
students interacting with a case of the Central Dogma?; and 2) How do students apply 
content to construct their warrants when comparing students who received the case study 
before class and those who receive the case study during class? The objective of this 
work is to determine how authentic experiences support reasoning processes in the 
context of argumentation. Additionally, that chapter builds from Chapter 3 to determine 
how students utilize content knowledge to construct argument warrants. The hypotheses 
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for this manuscript are: 1) Students who receive the case study before class (CBL+) will 
construct stronger arguments compared to the CBL- group; and 2) Students who receive 
the case study before class (CBL+) will have a deeper understanding of underlying theory 




Table 1. Summary of Research Questions, Manuscripts, and Respective Hypothesizes 
Chapter Research Question Hypothesis 
Chapter 2 What are students’ current 
understanding of the 
Central Dogma of 
Molecular Biology and 
skills while applying 
content to real-world 
situation prior to CBL? 
Students will demonstrate 
surface-level understanding 
of topics related to the 
Central Dogma and 
struggle with their 
application of knowledge. 
 




How does working through 
a case study within a course 
context influence students’ 
understanding of the 
Central Dogma when 
comparing students who 
received the case study 
before class and those who 
receive the case study 
during class? 
 
Students who receive the 
case study before class 
(CBL+) will experience 
higher learning gains, 
compared to the CBL-
group. 
 How does working through 
the case study affect 
students’ perceived self-
efficacy of their 
understanding of the 
Central Dogma when 
comparing students who 
received the case study 
before class and those who 
Students who receive the 
case before class will report 
improved and positive 
perceptions related self-
efficacy.    
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receive the case study 
during class? 
 





Table 1 (Continued) 
When comparing students 
who were given the case 
study prior to class 
discussion and students 
who received the case 
study during class 
discussion, what are trends 
in warrant construction 
among students interacting 
with a case of the Central 
Dogma? 
 
Students who receive the 
case study before class 
(CBL+) will construct 
stronger arguments, 
compared to the CBL-
group. 
 How does timing of 
students’ analysis of the 
case study affect their use 
of Central Dogma in 
argument construction, 
with a particular interest in 
warrants? 
Students who receive the 
case study before class 
(CBL+) will have a deeper 
understanding of 
underlying theory and will 
be integrated in their 
reasoning processes, 
compared to the CBL-
group.    
 
1.6.2 Overview of Methodology 
A mixed methods approached was utilized in this dissertation. To answer the 
overall and supporting research questions, two essential pieces of data were required: 1) 
verbal discussions and 2) pre- and post- surveys. Pre- and post- surveys were a 
combination of three assessments: the Central Dogma Concept Inventory, open response 
tasks, and a survey relating to self-efficacy. Group discussions provided evidence on the 
final argumentation product. Additional data that supported the development of argument 
warrants included survey data on efficacy, which indicates that high self-efficacy is 
related to intrinsic motivation and deep levels of learning. Pretest assessment, posttest 
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assessment, and testing data provided evidence on the effectiveness of the case study 
regarding learning outcomes. 
The case study was implemented during the spring 2021 Human Genetics course 
(BIO 405), which was offered as a synchronous online course. This study investigated 
how students apply learned knowledge about the Central Dogma of Molecular Biology to 
explain the role of triplet expansion repeat mutations in Huntington Disease. All students 
engaged in discussion surrounding a case study about Huntington Disease as part of an 
in-class activity. Case studies have been previously utilized within BIO 405. Normally 
within this course, students participate in case study activities by completing background 
reading before the class, reading through the case study in class, and then dividing into 
groups to work on question sets. To measure the effects of timing to promote self-
regulated learning in addition to an authentic experience to generate relevance, students 
were given the option to view the case study for the first time during class (CBL- group) 
or to solve the case study prior to class discussion (CBL+ group). 
This study was completed using CBL+ design to test the effectiveness of a case 
study activity by evaluating the case study activity as a learning tool, its effects on 
students’ understanding of the Central Dogma of Molecular Biology, and its implication 
to triplet repeat expansion disorders. The study was not randomized. Instead, the CBL+ 




CHAPTER 2. UNDERSTANDING STUDENTS’ PRIOR KNOWLEDGE OF THE CENTRAL DOGMA 
OF MOLECULAR BIOLOGY  
2.1 Introduction  
Many medical schools require or encourage biochemistry courses for admission 
into their professional programs. However, many students struggle to understand the 
importance of biochemistry to their future profession as a physician. Biochemistry is 
considered among the most irrelevant courses among biochemistry students (Ebomoyi & 
Agoreyo, 2007; Watmough et al., 2009). Medical biochemistry educators have called for 
changes in curricular structure, such as more student-centered learning opportunities to 
promote real-world applications and moving away from rote memorization (Afshar & 
Han, 2014; Fulton et al., 2012). A possible example of a gap in biochemistry education 
relates to the Central Dogma of Molecular Biology (Central Dogma throughout this 
manuscript). The Central Dogma is among essential topics in medical biochemistry 
education (Hays et al., 2019). Medical students can identify common phenotypes of 
trinucleotide repeat disorders; however, students struggled with the underlying Central 
Dogma foundation (specifically gene expansion) and its clinical relevance (Pearl et al., 
2011). 
Addressing such gaps has been of interest since the 1980s for various scientific 
societies including the National Research Council, in addition to the Association of 
American Medical Colleges and the Howard Hughes Institute and the American 
Association for Advancement in Science (AAAS, 2011). For example, a 2009 partnership 
between the Association of American Medical Colleges (AAMC) and the Howard 
Hughes Medical Institute (HHMI) recognized the need for medical school curricula to 
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remain current with evolving scientific knowledge, in addition to integrating new 
scientific knowledge within medicine (AAMC-HHMI, 2009). This report, Scientific 
Foundations for Future Physicians, has identified competencies related to the Central 
Dogma for graduating medical students and graduating pre-professional students (Table 
2). A New Biology for the 21st Century provided recommendations for personalized 
medicine and individual health, including the role of advances in genetics to understand 
disease (NRC, 2009). Students should be engaged in real-world scientific problems to 
understand science’s interdisciplinary and systematic nature (NRC, 2009). Vision and 
Change in Biology Undergraduate Education: A Call to Change (AAAS, 2011) 
developed Core Competencies for Biological Literacy and Disciplinary Practice while 
considering the recommendations of A New Biology for the 21st Century along with 
recommended assessments. Included in the recommended assessments by Vision and 
Change was the use of case studies (AAAS, 2011). Medical and scientific professionals 
have expressed the need to integrate science and medicine (i.e., NRC, 2009). A strategy 
to support the integration of science and medicine include the instructional strategy of 





Table 2. Entering Medical Expectations and Medical School Competencies Outlined by 
AAMC and HHMI 
Competency  Description  
Medical School Competency 1 “Apply knowledge of molecular, 
biochemical, cellular, and systems-level 
mechanisms that maintain homeostasis, 
and of the dysregulation of these 
mechanisms, to the prevention, diagnosis, 
and management of disease” (AAMC-
HHMI, 2009, p. 8.) 
Medical School Competency 3 “Use the principles of genetic 
tranAsmission, molecular biology of the 
human genome, and population genetics 
to infer and calculate risk of disease, to 
institute an action plan to mitigate this 
risk, to obtain and interpret family history 
and ancestry data, to order genetic tests, 
to guide therapeutic decision making, and 
to assess patient risk” (AAMC-HHMI, 
2009, p.12). 
Entering Medical Student Expectations 
Competency 5.1 
“Demonstrate knowledge of the structure, 
biosynthesis, and degradation of 
biological macromolecules” (AAMC-
HHMI, 2009, p.31). 
Entering Medical Student Expectations 
Competency 5.3 
“Demonstrate knowledge of the 
biochemical processes that carry out 
transfer of biological information from 
DNA, and how these processes are 
regulated” (AAMC-HHMI, 2009, p.32). 
 
This study is the first of three manuscripts that investigate student learning 
outcomes of case-based instruction (CBL) to teach the Central Dogma, an example of 
student-centered learning outlined in Vision and Change (AAAS, 2011). Scientific 
competencies related to the Central Dogma have been outlined within the Scientific 
Foundations for Future Physicians and Vision and Change (AAAS, 2009; AAMC-
HHMI, 2009). However, a recent study has demonstrated that undergraduate 
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biochemistry students may be learning the Central Dogma via traditional lecture methods 
with minimal real-world applications (Sharp et al., 2020). 
The objective of the current study is to determine students’ current understanding 
of the Central Dogma and its principles in explaining real-world situations given current 
curricular trends (Sharp et al., 2020). This study investigates the learning outcomes of 
students learning the Central Dogma before engaging in case-based learning (CBL) about 
Huntington Disease (HD). This study sought to answer the following research questions 
to address the previously stated research objective: What are students’ current 
understandings of the Central Dogma of Molecular Biology? What skills and 
biochemistry knowledge do they apply to explain the genetic disease before CBL? 
2.2 Background: Common Misconceptions while Learning the Central Dogma of 
Molecular Biology 
Literature suggests that high school and college students may struggle with overall 
concepts of the Central Dogma, including the concept that proteins are products of gene 
expression (Duncan & Reiser, 2007; Fisher, 1985; Lewis et al., 2004; Rotbain et al., 
2005; Saka et al., 2006, Todd & Kenyon, 2016). Additionally, another study completed 
by Southard et al. (2016) determined that students may experience difficulty properly 
categorizing molecular mechanisms while learning the Central Dogma. Students 
struggling to understand the overall Central Dogma processes may lead to specific 
misconceptions concerning DNA transcription and translation processes.  
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2.2.1 Misconceptions Relating to the Overall Processes of the Central Dogma of 
Molecular Biology 
Many high school students experience difficulty understanding that the function 
of genes is to produce protein products. High school students tend to associate genes with 
an organismal function or a trait in addition to associating genes with heredity rather than 
a blueprint for protein production (Duncan & Reiser, 2007; Lewis & Kattmann, 2004). 
Duncan and Reiser (2007) determined that while high school students recognize that 
genes contain instructional information for amino acid sequences, students fail to 
understand that genes exclusively code from proteins. While students may recognize that 
proteins are required to sustain life, students also struggle to describe the mechanistic 
connections between genes and proteins (Duncan & Reiser, 2007). Consequently, 
students struggle to understand how a genetic blueprint produces proteins and how 
proteins contribute to their phenotype (Lewis & Kattmann, 2004; Rotbain et al., 2005; 
Todd & Kenyon, 2016). Students struggling to describe the mechanistic connection 
between genes and proteins appears to be a persistent misconception and a key finding 
when assessing high school students’ understanding of the Central Dogma (i.e., Lewis et 
al., 2000; Lewis & Kattmann, 2004; Rotbain et al., 2005; Saka et al., 2006). Students may 
associate genotype and phenotype but cannot explain how proteins are related to 
phenotype (Duncan & Reiser, 2007). 
These persistent misconceptions also occur in undergraduate education, but 
science education researchers have determined more specific reasons why inadequate 
understanding exists. Like high school students, undergraduate students may understand 
that genes function to produce proteins. Students may not understand the molecular 
mechanisms or describe inappropriate mechanisms from gene to protein products 
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(Southard et al., 2016). For example, Fisher (1985) determined that students struggled to 
understand that the Central Dogma produces proteins, known as enzymes, to maintain 
these cellular processes (i.e., the processes within the Central Dogma produce proteins to 
initiate transcription). Fisher (1985) determined that misconceptions may persist because 
of word associations frequently used to teach the Central Dogma, such as “amino acids” 
and “translation.” In this case, students may associate translation with amino acids rather 
than proteins. Word associations may result in difficulty categorizing mechanisms 
(Southard et al., 2016). Students experience difficulty categorizing mechanisms, thus 
hindering their understanding of the Central Dogma’s overall processes. Partial 
understandings or misconceptions of the overall processes of the Central Dogma may be 
related to specific details of the pathways. 
Students’ understanding of the Central Dogma may be limited in professional 
education, but a study completed by Peart et al. (2010) assessed a pilot neurogenetics 
curriculum with student surveys and written exams. Among third and fourth-year medical 
students, the majority of students reported that they had a foundational understanding in 
topics such as DNA structure and function, RNA structure and function (includes 
transcription and gene expression), translation, protein synthesis, mutations, and defining 
genotype and phenotype (Pearl et al., 2011). This study concluded that students had a 
strong foundation in basic genetics. However, medical students demonstrated weakness 
in clinical genetics (Pearl et al., 2011). For example, students were able to describe 
common phenotypes associated with Huntington Disease. However, the medical students 
in this study struggled to understand gene expansion and understanding the importance of 
gene anticipation (Pearl et al., 2011). 
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2.2.2 Students’ Understanding Related to DNA Transcription 
Literature has reported that students used the terms “gene” and “trait” 
interchangeably (Marbach-Ad and Stavy, 2000). For example, high school students 
believed that one gene was associated with one trait (Shaw et al., 2008). Traits and 
heredity are outside the Central Dogma’s scope, but students appear associate the 
processes of the Central Dogma with heredity, thus associating genes with traits rather 
than protein products. Literature about students’ understanding of genetic diseases is 
minimal, but Shaw et al. (2008) observed misconceptions that aligned with students using 
the terms “gene” and “trait” interchangeably (Marbach-Ad & Stavy, 2000). Students 
believed that a single gene was associated with a single trait, in addition to believing that 
a single mutation is associated with a specific disease (Shaw et al., 2008). 
2.2.3 Students’ Understanding of Translation 
A primary misconception is not associating translation with a protein product. 
Many misconceptions appear to originate from topics related to DNA and transcription. 
Unlike transcription where misconceptions generally relate to specific nuances or 
definitions, misconceptions related to translations tend to relate to the general 
mechanistic reasoning and explanation (Fisher, 1985; Duncan & Reiser, 2007; Rotbain et 
al., 2005; Southard et al., 2016; Todd & Kenyon, 2016). Literature indicates that students 
cannot describe the process of translation even if students are aware that proteins are gene 
products. Undergraduate students have demonstrated difficulty describing translation, 
even if students understood that proteins are gene products (Southard et al., 2016). 
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2.2.4 Determining Students’ Genetic Reasoning  
Various assessments determine students’ understanding of Genetics and the 
Central Dogma. An example of an assessment utilized within the subsequent articles is 
the Central Dogma Concept Inventory developed by Newman et al. (2016). Another 
example is a two-tier diagnostic instrument developed by Tsui and Treagust (2010). 
Students’ genetics reasoning begins with connecting genotype to phenotype and 
connecting phenotype to genotype. The student should be able to connect DNA sequence 
as the genotype and protein synthesis as the phenotype (Figure 6) (Tsui & Treagust, 
2010). The process of mapping genotype and phenotype, along with mapping DNA 
sequence to protein synthesis, demonstrates a student moving from novice to expert 
reasoning (Figure 6). More specifically, expert reasoning includes connecting DNA 
sequence (genotype), amino acid sequence, and protein synthesis (phenotype) (Tsui and 
Treagust, 2010). 
 
Figure 6. Progression of Genetics Reasoning  
Image derived from the two-tiered genetics reasoning progression originally developed 
by Tsui and Treagust (2010). Image only reflects the Central Dogma aspects of the 
framework developed by Tsui and Treagust (2010). Image modified with permission 
from Tsui and Treagust (2010). 
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2.3 Methods  
The objective of this study was to determine students’ foundational understanding 
of the Central Dogma along with determining their ability to apply their knowledge of the 
Central Dogma to real-world situations. The following sections describe the analysis of 
pretest responses to determine students’ foundation and application knowledge of the 
Central Dogma.  
2.3.1 Participants 
Participants in this study included students enrolled in a Human Genetics course 
at a southern research university during the Spring 2021 semester. Due to the COVID-19 
pandemic, this synchronous course was offered in an online format. Twenty-nine students 
were enrolled at the time of the intervention. Twenty-two students had provided consent 
to participate in the study, but only 19 students completed both pre- and post- 
assessments. This study focuses on the pre-assessment of those 19 students. The pre- and 
post- assessment was given before and after students participated in a case study on 
Huntington Disease, further described in Chapter 3. 
2.3.2 Course Context 
Human Genetics is an upper-division course within the Department of Biology. 
Due to the COVID-19 pandemic, this synchronous course was offered in an online 
format. Within this course, students learned topics related to the complexities of human 
genetics and diseases, gene expression and regulation, etiology of commonly inherited 
diseases, genome structure, methods to identify genes that underlie disease, and form 
opinions about genetics testing and personalized medicine. This course uses a traditional 
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lecture format with three case studies embedded within the course in the following order: 
Huntington Disease, Cystic Fibrosis, and Cancer Genetics. The researcher designed the 
case study about Huntington Disease, while the other two case studies were available for 
instructional use from the National Center for Case Study Teaching in Science. Before 
the pre-assessment, students learned the following topics: history of human genetics, 
meiosis, chromosome structure, gene expression and epigenetics, and molecular 
pathology. 
2.3.3 Survey Instrument and Validity  
The utilized survey instrument was modeled from Sharp et al. (2021) and the 
assessment consisted of the following sections: the Central Dogma Concept Inventory by 
Newman et al. (2016), two open-response tasks, and self-efficacy questions. Face validity 
for these items was established with an external reviewer with expertise in undergraduate 
biology and pedagogy. The background of the external reviewer was able to assist in 
determining content that should be considered within the survey and if it would likely to 
understood by students, providing initial steps in establishing validity.  
Students were provided an electronic version of the Central Dogma Concept 
Inventory (CDCI) (with permission of the author) to measure changes in students’ 
understanding of the Central Dogma (Newman et al., 2016). The survey questions 
corresponded with students’ self-efficacy in understanding the topics in the CDCI.  
Students completed two open-response tasks on the pre-assessment, which included: 1) 
How would you describe the relationship between gene, genotype, gene mutations, 
phenotype, and disease?; and 2) Think about the Central Dogma and Huntington disease. 
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Which processes within the Central Dogma are involved in Huntington disease? How are 
they involved in Huntington disease? 
The first question was developed to measure students’ foundational knowledge of 
the Central Dogma. Given the previous reports in the literature (Duncan & Reiser, 2007; 
Fisher, 1985; Lewis et al., 2004; Rotbain et al., 2005; Saka et al., 2006, Todd & Kenyon, 
2016; Shaw et al., 2008)., the foundation question was developed to determine if the 
participants in this study could explain the overreaching processes of the Central Dogma, 
explain the relationship between the respective terms, and determine depth of knowledge 
prior to CBL. 
The second application question was developed in response to the research of 
Pearl et al. (2011), who determined that medical students demonstrated foundational 
knowledge with topics related to the Central Dogma: DNA structure and function, RNA 
structure and function (includes transcription and gene expression), translation, protein 
synthesis, and mutations, and define genotype and phenotype. However, that study 
concluded that while students demonstrated foundational knowledge, medical students 
struggled to apply tenets of the Central Dogma and TNR to explain diseases such as HD 
(Pearl et al., 2011). The second question in the current study was developed to determine 
if students could apply foundational knowledge to a real-world scenario or make a 
prediction. 
2.3.4 Analysis of Open Response Tasks 
This study utilized two forms of qualitative analysis for all open-ended responses. 
First, open-ended responses were analyzed using grounded theory and codebooks were 
developed for each question (see Tables 3-4; Appendices 4-5) (Corbin & Strauss, 1990; 
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Saldaña, 2016). The second form of analysis scored each response using same rubric for 
each question. The utilized rubric was originally derived from Trundle et al. (2002) and 
modified from a more recent version developed by Sharp et al. (2021) (see Table 5). 
Throughout all coding and scoring processes, student groupings (CBL- vs. CBL+) were 
not known to the researchers in order to minimize bias (Trundle et al., 2002). 
2.3.4.1 Analysis of Open Response Tasks with Grounded 
Theory 
Due to the exploratory nature of this study, grounded theory was utilized to 
develop two sets of codes to address each open response question (Corbin & Strauss, 
1990).. For both sets of codes, data were reviewed to identify themes related to the 
nuances of the Central Dogma by utilizing open coding. Initial codes where then grouped 
together based on relatedness of topic upon the second round of data review. Finally, 
grouped codes were categorized based on larger themes observed within the data to 
develop focused codes (Saldaña, 2016). Codes emerged through a grounded approach. 
Codes were applied to students’ pre- and posttest responses for each question, and 
inductive coding was used to capture how explanations shifted, especially upon 
completion of the case study.  
Applicable codes were applied to each student’s response, which often included 
multiple codes, depending on the student’s response. Cyclic coding with the researcher 
and an additional coder with expertise in biology and STEM education occurred until 
interrater reliability of 80% was established (O’Connor & Joffe, 2020). Once interrater 
reliability of 80% was established, the researchers discussed codes that were in 
disagreement until a consensus was reached. 
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The final code categories for the foundation question included genotype, 
phenotype, and mutations (Table 3). The genotype category consisted of the following 
codes: Central Dogma relationship and genotype. Codes within the genotype category 
focused on the various aspects of the Central Dogma (such as discussion of DNA, genes, 
amino acids, and/or proteins) or the various definitions of phenotype, which reveal 
students’ depth of understanding. The phenotype category consisted of the following 
codes: expression of genes, disease may influence phenotype, physical expression, cause 
disease, created by protein, and disease as phenotype. Codes within the phenotype 
category represent various aspects related to phenotype such as gene expression, physical 
expression, role of disease, and role of proteins. The last category ― mutations (consists 
of a single mutation code) ― highlights how mutations can be presented in physiology 
(i.e., gene or protein mutation) (Table 3). 
The final code categories for the application question include limited knowledge, 
Central Dogma and related processes, mutations, and downstream effects. The different 
categories range in detail and level of coding to identify how students’ specific 
conceptual applications have shifted between pre- and post- tests. Limited knowledge 
(consists of a single code) was used to identify instances where the student did not know. 
The Central Dogma and related processes category consisted of the following codes: 
replication, transcription, translation, protein, DNA slippage, TNR, mRNA, amino acid, 
and nondisjunction. The Central Dogma and related processes category were used to 
categorize students’ understanding of specific Central Dogma processes and biological 
conditions that may alter the processes. The mutations category included the following 
codes: cause disease, gene, mRNA, phenotype, and inheritance. Mutations were used to 
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categorize how students understood how mutations influenced the Central Dogma. 
Finally, the downstream effects category was used to categorized how students 
understood how alterations within the Central Dogma influenced physiology (Table 4). 
Table 3. Focused Codes for Foundation Question  
Code Description 
Genotype Generally refers to descriptions relating to genes. 
Central Dogma 
Relationship 
Student mentions genes, amino acids, protein, or DNA, which the 
relationship may or may not be described.   
Genotype  Student provides their definition of genotype. 
Phenotype Generally refers to descriptions relating to phenotype.  
Expression of 
Genes 
Student describes phenotype as the molecular expression of genes 




Phenotype   
Student provides general description that the phenotype may or may 
not be influenced by disease.  
Physical 
Expression   
Students describes phenotype as a physical expression or outward 
appearance.  




Student states that phenotype is caused by a protein or protein 
expression. 
Disease as 
Phenotype   
Students states that disease is a phenotype or a change in phenotype.  
Mutations Generally refers to mutations.  










Student responses which indicate that they do not know the 
answer. 
Does not know Student statements which include “I am not sure,” “I cannot 
recall,” “I do not have any knowledge,” “I forgot,” or other 
similar statements. Can be applied with other codes if the 




Students’ response somehow relates to the Central Dogma.  
Replication   Student states that replication is involved in HD. 
Transcription  Student generally refers to transcription in their response.  
Translation  Students may discuss translation error or how translation is 
involved in HD.  
Protein Student generally refers to the role of proteins in HD.  
DNA Slippage Student mentions DNA slippage in replication or transcription.  
TNR  Student mentions or describe gene expansion, insertion of GAC 
repeats, or trinucleotide repeats in their response.  
mRNA Student discusses changes in mRNA sequence.  
Amino Acid Student discusses changes in the amino acid sequence.  
Nondisjunction  Students describe or mentions nondisjunction. Student may not 
refer to nondisjunction by name, but rather only describe the 
process. 
Mutations  Students describe or mention mutations within their 
response  
Cause Disease  Students describes that mutations cause disease with or without 
providing detail.  
Gene Students describe a mutation in an allele or gene. Include 
description of TNR as mutation.  
mRNA Students describe mutation in mRNA 
Phenotype Students mentions mutation in relation to phenotype, but may 
not describe the specific relationship between mutation, 
phenotype, and disease.  







2.3.4.2 Analysis of Open-Response Tasks with Scoring  
Rubrics were utilized to categorize each student’s response as a scientific 
response, scientific fragment, incorrect, and blank/no response. Categories were derived 
from codes used within a study by Trundle et al. (2002), which was used to develop a 
codebook utilized by Sharp et al. (2021). The codebook used within this study is 
modified from the Sharp et al. (2021) codebook. Each open-response task was assigned a 
score based on accuracy and completeness of explanation (see Table 5). Cyclic scoring 
with the researcher and an additional coder with expertise in biology and STEM 
education occurred until interrater reliability of 80% was established. Once interrater 
reliability of 80% was established, the researcher discussed scores in disagreement until a 
consensus (O’Connor & Joffe, 2020). 
 







No answer OR I don’t know  
 
Students state, “I guessed,” “I do not know,” or some version of “I do 
not know.” Responses generally does not include content. 
Incorrect 
1 
 Incorrect response OR answer too brief to evaluate (may list 
generic cause and effect without detail) OR the response does not 
answer question in any way 
AND   




Some aspect of response is scientific; other parts may 
be incorrect, or simply worded without elaboration – may be general 









Presented within the findings are themes in students’ responses when determining 
their understanding and application of the Central Dogma. Student demographic 
information is provided before exploring themes within students’ responses. Findings 
about students’ foundation knowledge is presented before delving into their applications 
of the Central Dogma. Themes within the responses for each of the foundation and 
application questions are presented, followed by completeness and accuracy of their 
responses. 
2.4.1 Participant Demographic Information  
Fifty-seven and nine tenths’ percent (57.9%) of participants identified as female 
(n=11) and 42.1% identified as male (n=8). Sixteen participants identified themselves as 
white, two participants identified themselves as Asian, and one student identified their 
race as other or unknown. 31.6% % of participants were in their second year (n=6), 
26.3% of participants were in their third year (n=5), 36.8% of participants were in their 
fourth year (n=7), and one participant identified themselves as a graduate student (5.3%). 
The majority of students were studying Biology (n=18; 90%). The remaining majors 
were identified as Agricultural and Medical Biotechnology (n=1; 5%) and Psychology 
(n=1; 5%). In addition to their demographic information, students were asked about their 
careers upon completing their degree (Table 6). Approximately half of the participants 
(57.8%) have expressed interest in professional programs. Specifically, students 




Table 6. Career Interests of Participants  
Career Interest Number of Students  
(Out of n=19) 
Percentage of 
Students 
Medical School  5 26.3% 
M.D./Ph.D. Program 2 10.5% 
Optometry School 2 10.5% 







Genetic Counseling 2 10.5% 
Research Career 3 15.8% 
Chemical Engineering  1 5.3% 
 
 
2.4.2 Understanding of the Central Dogma of Molecular Biology  
Students were tasked with responding to the following question: How would you 
describe the relationship between gene, genotype, gene mutations, phenotype, and 
disease? Students’ responses were categorized into three major groups: Genotype, 
Phenotype, and Mutations. Forty-eight percent of responses included discussions related 
to phenotype, which was broken down into six codes: Expression of Genes, Disease May 
Influence Phenotype, Physical Expression, Cause Disease, and Disease as Phenotype 
(Table 7). Likewise, the Genotype was further divided into two codes: Genotype 
Definition and Central Dogma Relationship. A total of 77 codes were applied to the 
students’ foundation pretest question. When considering the major categories, students 
most frequently discussed Phenotypes (48.1%; n=37). Students also discussed topics 





Table 7. Category and Codes for Foundation Question 
Category and Code 
Genotype 
Genotype Definition  




Created by Protein 
Disease May Influence Phenotype  
Cause Disease 
Disease as Phenotype 
Mutations  
 
Table 8. Codes Representing Themes to the Foundation Question 
Category and Code Frequency 
Genotype 27.3%; n=21 
Genotype Definition  18.2%; n=14 
Central Dogma Relationship  9.1%; n=7 
Phenotype 48.1%; n=37 
Gene Expression 20.8%; n=16 
Physical Expression 9.1%; n=7 
Created by Protein 3.9%; n=3 
Disease May Influence Phenotype  1.3%; n=1 
Cause Disease 3.9%; n=3 
Disease as Phenotype 9.1%; n=7 
Mutations  24.7%; n=19 
 
2.4.2.1 Discussion of Phenotype within Students’ Responses 
Within the Phenotype category, Gene Expression was most frequently discussed 
within students’ responses (20.8%; n=16). Students’ explanations about phenotype 
included the following themes: phenotype is the outward expression of phenotype and 
mutations are associated with phenotypic changes. The Gene Expression code was 
applied when students defined phenotype in relation to molecular genetics. Students 
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defined phenotype as the molecular expression or the reflection of gene or genotype. An 
example includes, “…The genotype is a label for what kind of genes you have, while 
phenotype is the outward appearance of your genotype…” All student responses coded 
for Gene Expression were double coded with mutations, describing the relationship 
between mutation and phenotype. Often, such statements were vague and stated that 
mutations are associated with a different phenotype. For example, a fourth-year student 
stated: “Some of these gene mutations can cause a phenotype associated with the 
mutation…” 
Students also frequently defined phenotype as the outward physical expression 
(9.1%; n=7). Such definitions include “Phenotype is the physical characteristics that 
come from the genotype…” 
 Additionally, students discussed that disease is a phenotype (9.1%; n=7). For 
example: “…A disease has symptoms that are the phenotype of the mutated gene.” In 
contrast, less frequently observed instances included discussing a relationship between 
disease and phenotype without detail or that phenotype causes a disease (3.9%; n=3). For 
example,  
The genotype encompasses all of an organism’s genes. Phenotype is a reflection 
of genotype, and gene mutations can change phenotype. Some, but not all, gene 
mutations can be deleterious and cause diseases. 
2.4.2.2 Discussion of Genotype within Students’ Responses 
Twenty-seven and three-tenths (27.3%) of applied codes were categorized as 
Genotype. Nine and one-tenth (9.1%; n=7) of the Genotype codes were applied with a 
discussion of a relationship between genotype and the Central Dogma (Central Dogma 
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Relationship code) in which students mentioned a relationship among genes, amino acids, 
protein, and/or DNA. The Central Dogma Relationship code was applied when students 
discussed some aspect of the Central Dogma, although not all portions of the Central 
Dogma needed to be discussed.  
Students’ definitions of genotype (Genotype code) often included descriptions 
relating to genes (18.2%; n=14). Within students’ explanations that referenced genotype, 
students often included the following description: genotype is a label for genes, genotype 
is a collective term for all genes within a genome, genotype can describe a set of alleles 
of a gene, the genotype is a coded region that determine genotype, and genotype is the 
DNA sequence of an organism (Table 9). 
 
Table 9. Examples of Genotype Codes in Students’ Responses 
Major Theme Example 
Gene Labels “…The genotype is a label for what kind of genes 
you have…” 
All Genes within Genome “The genotype is the alleles of that gene…” 
Alleles of a Gene “The genotype encompasses all of an organism’s 
genes…” 
Gene Code Determines 
Genotype 
“Genes are a way to figure out a genotype…” 
DNA Sequence  “Genotype is the DNA sequence of an organism…” 
 
Explanations that were coded as Central Dogma Relationship varied in detail, 
which ranged from naming biomolecules, providing a brief explanation of the pathway, 
and/or connecting the Central Dogma to phenotype. Two levels in their understanding of 
Central Dogma emerged in the analysis of their responses: 1) A definition level, and 2) a 
system-level. For a response to be coded as the Central Dogma Relationship, some aspect 
of the Central Dogma needed to be discussed within the response. However, the entire 
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Central Dogma process did not need to be present within the response. There appeared to 
be no observable differences regarding academic standing (i.e., second year, third year, 
fourth year, graduate student).  No response was representative of the Central Dogma 
Relationship code. Therefore, several examples are provided that demonstrate the range 
of Central Dogma-related knowledge. Two distinct levels of understanding of the Central 
Dogma emerged from the analysis. These include: 1) A definition-level and 2) a system-
level.  
Definition-level responses tended to state processes within in the Central Dogma, 
but generally lacked specific details needed to make connections across the processes.  
Students who provided the least detail about the Central Dogma stated that DNA was 
involved but provided minimal elaboration. For example, one student provided a 
response that defined certain aspects of the Central Dogma:  
“A gene is a specific section of DNA that performs a certain function.” 
 This example is representative of a basic Central Dogma definition. In this 
example, the student explained that genes within DNA serve a particular physiological 
purpose. However, the student did not expand their Central Dogma knowledge beyond 
DNA. Other students took an additional step to connect genes (or DNA sequence) and 
phenotype but lacked detail about the Central Dogma processes that lead to phenotype. 
For example: 
“Genes code for proteins that create the phenotype of an organism.” 
Another student stated the steps involved within the Central Dogma but failed to connect 
how the processes connect to phenotype: 
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“Gene mutations can occur from improperly 
replicated/transcribed/translated/spliced genes which can alter the phenotype of 
an organism.” 
This student was able to state the processes within the Central Dogma but failed to 
discuss how errors within the Central Dogma cause mutations that ultimately result in an 
altered phenotype.  
Students who presented system-level responses began to connect various elements 
within their written discussion. Some students that referenced the Central Dogma 
described some sort of intermediate step between gene and phenotype. For example, one 
student stated that amino acids are coded by genes, which form proteins: 
“Genes code for a string of amino acids which form proteins. These proteins are used 
to carry out biological functions.” 
While this student did not specifically reference phenotype, the students connected 
proteins to biological functions. This suggests that the student was beginning to engage in 
system-level thinking about the Central Dogma by increasing the sophistication within 
their response and beginning to establish connections.  
2.4.2.3 Discussion of Mutations within Students’ Responses 
Twenty-four and seven-tenths’ percent (24.7%) of students’ responses related to 
mutations, and this code was applied when students referenced mutations concerning 
genes, genotype, and/or phenotype. Students most often discussed that a change in 
genotype (mutation) will lead to an alternative phenotype, also as represented by the 
Gene Expression code. The primary finding from students’ discussions revealed their 
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understanding between mutations and phenotype. Many students discussed that a 
mutation would lead to a disease phenotype: 
“Gene is a region coded that will determine the genotype (sequence) and 
determine the physiological expression of the sequence (phenotype). A disease 
has symptoms that are the phenotype of the mutated gene.” 
These students revealed that they understood mutations lead to a disease, which is a 
phenotype. Students’ discussion about mutations also revealed different conceptions, 
such as a new phenotype as the cause of disease:  
 “Mutations can create certain phenotypic conditions that lead to a disease state.” 
2.4.2.4 Scoring of Foundation Question Responses 
 Grounded theory was utilized to generate themes on students’ conceptual 
understanding, regardless of if the response was correct or incorrect. A scoring rubric 
modified from Sharp et al. (2021) and originally derived from the analysis of Trundle et 
al. (2002) was used to determine the accuracy and depth of students’ explanations. All 
students presented a scientific fragment on their pretest responses. A common theme 
among students was the lack of description about proteins and their role in the Central 
Dogma. Only two student responses (3.9%) referenced proteins as represented by the 
Created by Protein code (Table 8). This finding in interesting because genes function to 
produce proteins, but the main objective in the Central Dogma was minimally discussed 
within students’ responses.  
 The two student responses that referenced proteins demonstrated a gap in their 
understandings. They did not explain how mutations alter the proteins, which resulted in 
the observed phenotype. While both students seemed to understand that mutations alter 
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the genotype that may be expressed in the phenotype and that genes code for proteins, 
they did not describe proteins within the context of abnormal physiology. For example, in 
the following response, one of the students defines each process within Central Dogma to 
make linkages to inheritable disease:  
A gene is a sequence of DNA that codes for a protein that can be expressed 
phenotypically. Genotype is the DNA sequence of an organism. Gene mutations 
are mutations in the genotype that may or may not be expressed 
phenotypically. Disease is the result of many possible errors in the central dogma 
and more, including, but not limited to, mutations occurring in replication, 
transcription, translation, RNA processing, and mitotic or meiotic mutations. 
This student understood that proteins are the product of gene expression but did not 
provide explicit connections between the Central Dogma, proteins, and phenotype to 
explain how these processes can lead to inheritable disease.  
The other student that discussed proteins described a relationship between 
proteins, phenotype, and disease. However, the student held the misconception that 
phenotypes cause disease: 
“Genotypes are comprised of all the genes in an organism. Genes code for 
proteins that create the phenotype of an organism. Gene mutations can change 
the phenotype of an organism. Mutations can create certain phenotypic 
conditions that lead to a disease state.” 
Within this student’s example, the student understood that a relationship between proteins 
and phenotype exists. However, the student did not describe how a mutation will alter the 
respective protein, leading to a change in phenotype.  
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While the two students that referenced proteins within their responses recognized 
that genes function to produce proteins, the students also struggle in identifying the 
relationship of proteins to disease and phenotype.  
2.4.3 Applications of the Central Dogma of Molecular Biology  
Students were tasked with answering the following questions: Which processes 
within the Central Dogma are involved in Huntington disease? How are they involved in 
Huntington disease? Three major code categories were utilized to analyze students’ 
application responses: Does Not Know, Central Dogma and Related Processes, and 
Mutations. The Central Dogma and Related Processes Category was broken down into 
the following codes: Transcription, Translation, Protein, and Nondisjunction. The 
Mutations category consisted of the following codes: Cause Disease, Gene, mRNA, 
Phenotype, and Inheritance. Forty-three codes were applied to students’ responses upon 
completion of analysis (Table 10). 
Table 10. Categories and Codes for Application Question 
Category and Code 
Does not know 














Twenty-five and six-tenths’ percent (25.6%; n=11) of responses indicated that 
students did not know how the Central Dogma was involved in Huntington Disease. 
Students also commonly reference the Central Dogma in their responses (44.2%; n=19). 
Students most commonly discussed errors in transcription (14%; n=6) and translation 
(16.3%; n=7) in addition to the structural or functional consequences of error on proteins 
(9.3%; n=4) (Table 11). 
Table 11. Codes Representing Themes in Students Reponses to the Application Question  
Category and Code Frequency  
Does not know 25.6%; n=11 
Central Dogma and Related Processes 44.2%; n=19 
Transcription  14.0%; n=6 
Translation 16.3%; n=7 
Protein  9.3%; n=4 
Nondisjunction  4.7%; n=2 
Mutations  27.9%; n=12 
Cause Disease 9.3%; n=9 
Gene 11.6%; n=5 
mRNA 2.3%; n=5 
Phenotype 2.3%; n=1 
Inheritance 2.3%; n=1 
 
In general, students’ responses for the application question were brief. Students described 
that errors in transcription or altered transcription occurs in HD. For example:  
“Huntington disease is a genetic disease, and a mutation in the DNA causes the 
transcription and translation to be altered.” 
Similar trends were observed in students’ explanations involving translation. Generally, 
students vaguely discussed an error in translation, that errors in replication lead to errors 
in translation, or an altered translation. Other students simply guessed that translation was 
involved. For example,  
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“Transcription and translation are processes within the Central Dogma that are 
involved in Huntington disease. Mistakes made during transcription and 
translation as well as other problems such as nondisjunction can result in 
Huntington disease.” 
When describing the role of transcription and translation in HD, only three 
students incorporated proteins within their responses. These students discussed that 1) an 
error in replication leads to errors in transcription and translation, resulting in a mutant 
protein that causes disease and 2) a mutation will cause the wrong RNA and protein to be 
synthesized. An example of a student response involving proteins includes:  
“I am not sure but I would guess an error occurred during replication that leads 
to the transcription and translation that creates a protein that is wrong and that 
causes the disease.” 
Mutations were also referenced within student responses, often in the context of a 
change in gene (11.6%; n=5) and cause of disease (9.3%; n=4). There were four 
instances where students discussed mutations in relation to changes within the gene. Two 
of those instances included general and vague references to gene mutations. One student 
discussed an allelic mutation, while the other described TNRs. A representative example 
of mutations within responses includes: 
“Huntington’s disease is one gene mutation that is passed on from either parent. 




Students also commonly related mutations to disease, but these statements were also 
vague. Students tended to simply provide a cause-and-effect statement, such as mutations 
cause disease:  
 “There are specific mutations in the genome that lead to this disease.” 
Most students provided an incorrect statement (42.1%; n=8), which included 
statements that were incorrect, too brief to evaluate, or did not answer the question in any 
way. 36.8% (n=7) of students provided a scientific fragment. 21.1% (n=4) of students 
did not know the Central Dogma application and made no efforts to make a prediction. 
The average score was 1.12. Breakdown per score per application question is provided in 
Table 12. 
Table 12. Breakdown of Code Frequency per Category/Score 












Does not know 57.1% 40% 4.8% 
Central Dogma and Related Processes 28.6% 26.7% 66.7% 
Transcription Error 14.3% 6.7% 19.0% 
Translation Error 14.3% 6.7% 24.0% 
Protein  -- 6.7% 19.0% 
Nondisjunction  -- 6.7% 4.8% 
Mutations  14.3% 33.3% 26.5% 
Mutations—Cause Disease 14.3% 13.3% 4.8% 
Mutations—Gene -- 13.3% 14.3% 
Mutations—mRNA -- -- 4.8% 
Mutations--Phenotype -- -- 4.8% 
Mutations--Inheritance -- 6.7% -- 
 
Seven responses were categorized as scientific responses and 21 codes were 
applied. 4.8% of codes indicated that students did not know (n=1). Other commonly 
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applied codes also included transcription error (19%; n=4), translation (23.8%; n=5), 
protein (19%; n=4), and gene mutations (14.3%; n=3). Among the seven scientific 
fragments, four students included the use of proteins within their responses, along with 
three responses that included transcription and translation.  
 A diversity of information was provided among students’ responses categorized 
as a scientific fragment.  Students commonly described how errors in replication create 
errors in transcription and translation. Ultimately, these errors result in mutant proteins 
associated with disease:  
“I am not sure but I would guess an error occurred during replication that leads 
to the transcription and translation that creates a protein that is wrong and that 
causes the disease.” 
Another student recognized specific errors within the Central Dogma but also recognized 
that nondisjunction may play a role in HD: 
“Transcription and translation are processes within the Central Dogma that are 
involved in Huntington disease. Mistakes made during transcription and 
translation as well as other problems such as nondisjunction can result in 
Huntington disease.” 
Other responses were more general, such as those that connected mutations with a 
phenotype:  
“Huntington Disease is a disease caused by gene mutation resulting in a non-
functional phenotype which relates perfectly to the central dogma.” 
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Finally, one student provided more detail within their response and demonstrated an 
understanding about TNR. However, this response was still classified as a scientific 
fragment due to the lack of discussion about proteins: 
“The Central Dogma states that DNA makes RNA makes protein. Huntington’s 
disease is caused by errors in DNA replication when a specific repetitive region 
of the genome is incorrectly replicated. Extra repeats are added. Because the 
DNA is incorrect, the wrong RNA and protein will be synthesized because of a 
cascade effect.” 
 A total of 15 codes were applied to responses that were categorized as incorrect 
(eight responses total). Among the responses, Does Not Know was the most frequently 
applied code (40%; n=6). Students also frequently referenced mutations in the context of 
genes and disease (13.3%; n=2 for each code). Students referenced transcription error, 
translation error, proteins, nondisjunction, and inheritance to a lesser extent (6.7%; n=1 
for each code). Many responses simply stated that they did not know but provided a 
prediction. Often, predictions simply included a guess about which processes were 
involved in HD: 
 “I am not for sure on HD, my guess would be the translation.” 
2.5 Discussion 
The objective of this study was to determine students’ understanding of the Central 
Dogma before case-based instruction. Additionally, this study investigated how students 
apply their content knowledge to describe a real-world scenario. In this case, students 
were asked to describe the Central Dogma within the context of Huntington Disease.  
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 Prior research has indicated that students struggle to understand that proteins are 
the products of gene expression and the mechanistic connections between gene and 
protein (Duncan & Reiser, 2007; Fisher, 1985; Lewis et al., 2004; Rotbain et al., 2005; 
Saka et al., 2006, Todd & Kenyon, 2016). Students appear to understand that genes are 
associated with a phenotype but struggle to describe the role of protein in phenotype 
(Duncan & Reiser, 2007). These observations have also been noted in undergraduate 
students (i.e., Southard et al., 2016  
When determining students’ understanding of the Central Dogma, this study 
refers to a modified version of the learning progression model developed by Tsui and 
Treagust (2010) (Figure 6). According to Tsui and Treagust (2010), genetics information 
students are able to conceptualize can determining their level of genetics reasoning. 
Novice-level reasoning including connecting genotype to phenotype. A person with 
expert-level genetics reasoning is able to connect that the DNA sequence is associated 
with the genotype; amino acid sequence and protein synthesis is associated with 
phenotype (Tsui & Treagust, 2010).  
Students responded to the following question: How would you describe the 
relationship between gene, genotype, gene mutations, phenotype, and disease? Within 
this study, students demonstrated knowledge about the relationship between genotype 
and phenotype. A subset of students also understood that disease is phenotype. Other 
noteworthy findings within the application question include students’ definition of 
genotype, which some students referenced genotype as a coded region or DNA sequence. 
Discussion of proteins were minimal but were observed within the data.  
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All students provided a scientific fragment. It appears that students have a 
surface-level foundation in their understanding of the Central Dogma. Similar to previous 
reports on high school and college students, proteins were missing from many 
explanations (i.e., Duncan & Reiser, 2007; Southard et al., 2016). Students appeared to 
have a strong association between genotype definition and gene expression influencing 
phenotype. Students commonly referenced the Central Dogma or discussed certain 
aspects (Genotype—Central Dogma Relationship code; 9.1%, n=7); however, the relation 
between protein and phenotype was not a frequently applied code (Phenotype—Created 
by Protein code; 3.9%, n=3). Students did not indicate that they understand how proteins 
contribute to the phenotype.  
Another point of interest within this question was students’ understanding of the 
relationship between disease and phenotype. Previous studies have reported that high 
school students use the words “gene” and “trait” interchangeably, along with one gene 
associated with one trait (Marbach-Ad & Stavy, 2000; Shaw et al., 2008). Furthermore, 
students often associate the disease with one gene (Shaw et al., 2008). Due to previous 
reports, this study sought to determine college students’ understanding of disease and 
phenotype. Students did not reference disease as a trait, but a fair number of students 
understood that disease is a phenotype (9.1% of applied codes; Disease as Phenotype 
code) and Disease as Phenotype was among the most frequently applied codes within the 
phenotype category. Few students believed that phenotype caused disease (3.9% of 
applied codes), and ever fewer students stated that a relationship between disease and 
phenotype exists but did not provide detail (1.3% of applied).  
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Students’ heavy emphasis on genotype and phenotype and limited discussion 
about the connection of genotype to protein synthesis suggests that students are at an 
intermediate level of Central Dogma reasoning when considering the progression model 
by Tsui and Treagust (2010) (Figure 6). However, students are referencing aspects of the 
Central Dogma, and a few students begin to discuss the role of proteins in phenotype. 
Discussion about the relationship between protein and phenotype indicated a shift 
towards expert-level reasoning. Additionally, some students related the term “genotype” 
to DNA sequence. Such discussions were minimal but suggest that students are moving 
towards expert-level genetics reasoning. While often expressed in scientific fragments, 
this evidence suggests that students may be shifting toward expert-level reasoning before 
a case study.  
The literature appears to lack reports on students’ application of Central Dogma 
content to real-world connections. A study completed by Olimpo et al. (2017) has 
suggested that real-world connections could help with Central Dogma reasoning. Calls 
for students to understand the role of the Central Dogma and genetics in medicine have 
been presented or suggested in the literature (i.e., AAAS, 2011; Afshar & Han, 2014; 
Fulton et al., 2012; NRC, 2009). However, another study determined that medical 
students struggle with the applications of the Central Dogma in genetic disorders, such as 
Huntington Disease (Pearl et al., 2011). Given that 57.8% of the participants in the 
current study have indicated their desire to enter professional health programs after their 
undergraduate studies, student responses can provide insight into their preparedness to 
apply Central Dogma content to real-world situations. Students were asked the following 
questions: Think about the Central Dogma and Huntington disease. Which processes 
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within the Central Dogma are involved in Huntington disease? How are they involved in 
Huntington disease? 
A student with a foundational knowledge of the Central Dogma (even without 
knowledge of Huntington Disease) may be able to predict that a gene mutation will alter 
the DNA sequence, which alters the mRNA sequence after transcription, then alters the 
amino acid sequence after translation, and consequently alters the protein structure, 
which eventually contributes to symptoms. As most students did not know or provided an 
incorrect response, it appears that students are not applying foundational knowledge to 
real-world applications. Furthermore, the average score dropped from two to 1.12. This 
finding suggests that students were able to construct scientific fragments with content 
knowledge but constructed incorrect statements when asked to explain a real-world 
scenario using the Central Dogma. Approximately 25.6% of applied codes indicated that 
students did not know the application of the Central Dogma in Huntington Disease. 
Students that scored a two on their responses often referenced errors in transcription, 
translation, or protein; however, they generally did not discuss mutations about 
phenotype. When considering the genetics reasoning model by Tsui and Treagust (2010), 
it appears that students demonstrated minimal reasoning when discussing the context of 
real-world connections. 
2.6 Limitations  
The primary limitation of this study is the small sample from a single university. 
The use of convenience sampling does not represent all students learning the Central 
Dogma. Furthermore, the Central Dogma is taught within a variety of biochemistry and 
76 
 
biology-related courses. All courses will reflect different perspectives of the topics, 
philosophies, and teaching strategies within various programs.  
 Additionally, the wording of questions will determine the direction of student 
responses. Future implementations of this study will require revisions of the following 
questions: Which processes within the Central Dogma are involved in Huntington 
disease? How are they involved in Huntington disease? It is possible that the question 
prompted students to respond if they felt they know the answer or if they otherwise 
answered some variation of “I don't know.” The question should be rephrased to 
encourage students to make a prediction even if they do not know the answer.  
 Lastly, the strong interconnectivity of the Central Dogma process added to 
complexity while coding. Often, it was difficult to separate various aspects of individual 
responses even with the application of multiple codes. Due to the complexity of the 
Central Dogma, general codes were utilized instead of identifying more specific 
conceptions. 
2.7 Conclusions  
The objective of this study was to determine students’ understanding of the Central 
Dogma and their ability to apply their knowledge to a real-world scenario. Many reports 
and commentaries have called for the integration of science into medicine in addition to 
engaging students in real-world problems and changes in medical biochemistry education 
(AAAS, 2011; Afshar & Han, 2014; Fulton et al., 2012; NRC, 2009). Many biochemistry 
courses that teach the Central Dogma are likely using traditional lecture methods. Given 
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these circumstances, this study sought to determine students’ understanding of the 
Central Dogma and their ability to apply their knowledge.  
When considering both responses, students’ reasoning in the Central Dogma 
parallels appear to exist between high school, college, and medical students. Literature 
has reported a strong association between genes and phenotype within high school 
students. Similarly, medical students could describe and identify clinical phenotypes. 
However, these students could not describe the underlying mechanisms within the 
Central Dogma, which creates the disease phenotype observed in Huntington Disease. 
Likewise, students within this study had a foundation but had a lower understanding of 
real-world applications.  
These findings are concerning as the Central Dogma is considered among the most 
critical topics in medical biochemistry education (Hays et al., 2019) and is a foundation 
in medical school competencies (AAMC-HHMI, 2009). In addition to the possible heavy 
use of biochemistry lectures in undergraduate education, it appears that advances in 
biology undergraduate education are focused on introductory courses. Advances in 
biology education should place more emphasis on upper-division courses to support the 









CHAPTER 3. INVESTIGATING CENTRAL DOGMA OF MOLECULAR BIOLOGY LEARNING 
OUTCOMES THROUGH CASE-BASED INSTRUCTION 
3.1 Introduction 
The Central Dogma of Molecular Biology creates an explanatory model for 
genetically inherited diseases and can applied in making predictions about the probably 
transfer of genetic disease from patient to child and in explaining to patients and their 
loved ones the underlying causes of inherited disease. However, too often pre-medical 
and medical students overlook the importance of the applicability of Central Dogma, 
viewing it as just another process to learn for a course that has little applicability in their 
future medical careers. Students often perceive biochemistry as among the most 
irrelevant courses needed to practice medicine (Ebomoyi & Agoreyo, 2007; Watmough et 
al., 2009). However, topics such as the Central Dogma of Molecular Biology (Central 
Dogma within this manuscript) are considered among the most important topics in 
medical biochemistry education (Hays et al., 2019).  
 This gap that exists between biochemistry courses and application may be 
attributed to current curricular trends. It appears that many biochemistry courses are 
taught using a lecture format, which may lack scaffolding to support students in 
establishing real-world connections (Sharp et al., 2020; McDermott, 2001). Scientific 
societies have described the need to close such a gap. For example, A New Biology for the 
21st Century and Scientific Foundations for Future Physicians suggest that students need 
to engage in real scientific problems and real-world connections (AAMC-HHMI, 2009; 
NRC, 2009). A New Biology recommendations contributed to the Vision and Change in 
Biology Undergraduate Education: A Call to Change, which outlined Core 
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Competencies for Biological Literacy and Disciplinary Practice (AAAS, 2011). 
Competencies related to the Central Dogma and respective applications include the 
following:  
• “Structure and Function: Basic units of structure define the function of all living 
things” (AAAS, 2011, pg. 12).  
• “Information flow, Exchange, and Storage: The growth and behavior of 
organisms are activated through the expression of genetic information in context” 
(AAAS, 2011, pg. 13).  
• “Ability to Use Modeling and Simulation: Biology focuses on the study of 
complex systems” (AAAS, 2011, pg. 14).  
• “Ability to tap into the Interdisciplinary Nature of Science: Biology is an 
interdisciplinary science” (AAAS, 2011, pg. 15).  
Additionally, students preparing for medical school should “demonstrate knowledge of 
the biochemical processes that carry out transfer of biological information from DNA, 
and how these processes are regulated” (AAMC-HHMI, 2009, p.32) Students should also 
be able to identify how science impacts society and the role of ethics in science, which 
can be demonstrated through the use of case studies (AAAS, 2011).  
The subsequent AAAS Vision and Change reports suggest that lower-division 
biology courses are a primary focus (AAAS, 2015, 2018). There may be less attention 
given to upper division courses that delve into the molecular processes that lead to 
genetically inherited disease. Research on curricula that aligns with A New Biology, 
Vision and Change, and Scientific Foundations for Future Physicians in upper division 
courses can demonstrate how to support the development of the outlined competencies 
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throughout students’ undergraduate career (AAAS, 2011; AAMC-HHMI, 2009; NRC, 
2009). According to the 2018 Vision and Change report, learning outcomes appear to 
focus on student motivation (AAAS, 2018). Understanding student motivation and 
pairing content learning outcomes can help understand students’ reasoning, which is the 
primary focus of this study.  
 Case studies have been implemented in undergraduate biology and biochemistry 
education (i.e., Cornely, 1998; Hartfield, 2010; Knight et al., 2008; Kulak et al., 2017; 
Kulak & Newton, 2015; Rybarczyk et al., 2007). However, it appears that little 
consideration has been given to how case studies have been implemented and their 
relationship with learning (Kulak & Newton, 2015). Further, is also appears that 
consideration has not been given to how implementation can support students’ content 
learning gains. Given this information, the objective of this study to determine how case 
studies can be used to support learning the Central Dogma in an advanced biology 
course. This study delves into how the use of a case study in a lecture setting by 
comparing students who solved the case study as homework prior to a small group in-
class discussion to students who only participated in an in-class discussion. The rationale 
of this study is that by understanding how case studies support student learning, future 
recommendations can be provided to support the development of competencies outlined 
by A New Biology, Vision and Change, and Scientific Foundations for Future Physicians 
(NRC, 2009; AAAS, 2011; AAMC-HHMI, 2009).  
Within this study, students in an advanced genetics course participated in a 
directed case study about Huntington Disease (HD) diagnosed in a child. Students were 
able to select if they reviewed the case study prior to the class, allowing for advance 
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preparation. Students could also select if they reviewed the case study for the first time 
during class, which was typical for the course. This study seeks to understand what 
students learned during a guided-inquiry case study, completeness of scientific 
explanations, and how learning was impacted if students were given the opportunity to 
solve the case prior to class. The research questions addressed within this chapter are as 
follows:  
1. How does working through a case study within a course context influence 
students’ understanding of the Central Dogma when comparing students who 
received the case study before class and those who receive the case study during 
class? 
2. How does working through the case study affect students’ perceived self-efficacy 
of their understanding of the Central Dogma when comparing students who 
received the case study before class and those who receive the case study during 
class? 
3.2 Related Literature  
3.2.1 Relevant Learning Experiences and Social Cognitive Theory 
Case-based learning (CBL) has been demonstrated to improve students’ learning 
motivation (i.e., Kulak et al., 2017; Yan et al., 2017). The role between motivation and 
learning is explained by Social Cognitive Theory (SCT). According to SCT, a students’ 
personal factors (cognition, affective states, self-efficacy), environmental factors 
(learning environment and context), and behavior factors (self-regulated learning) are 
related (Bembenutty et al., 2016). In theory, when students are taught in context of a 
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relevant learning experience, such as a case study that may act as a simulation, students 
should experience an increase in self-efficacy, cognition, and self-regulated learning 
(Bembenutty et al., 2016). Learning motivation is also closely related to SCT because if 
students understand the importance of learning a particular topic, learning motivation 
tends to increase (Bonney et al., 2005). Furthermore, positive self-efficacy is related to 
learning motivation and to being more adept at completing complex tasks. Successfully 
completing complex tasks or observing others complete the tasks can also lead to positive 
self-efficacy and motivation to pursue similar tasks while failure to complete complex 
tasks often leads to lower self-efficacy and lower motivation toward the type of tasks 
where failure was experienced or observed in others (Bandura, 1993; Bandura, 2010; 
Bonney et al., 2005).  
Of particular interest in SCT is self-regulated learning, which is the process of 
acquiring information and is involved in critical thinking processes (Bembenutty et al., 
2016; Facione, 1990; Zimmerman, 1989). Creating relevant learning experiences through 
CBL simulates a relevant learning experience. Perceived relevance should increase 
motivation, persistence in problem solving, and self-efficacy. Persistence in problem 
solving should be related to a student’s ability to self-regulate their learning. Ultimately, 
all factors should improve students’ content learning outcomes.  
3.2.2 Overview of Case-Based Learning 
Case-based learning (CBL) is a type of instruction that utilizes real-world 
scenarios to create a problem-solving experience. It is used by instructors to describe 
real-world problems or situations that professionals encounter within their respective 
disciplines. Case study as a pedagogical strategy is used to describe or to place learners in 
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authentic simulated situations where they are challenged to tackle problems professionals 
have encountered in the field (Herreid, 2006). A benefit of utilizing case studies includes 
situating students in relevant context that students will encounter upon entering their 
respective career fields.  
Students can learn using several CBL formats (i.e., directed, interrupted, problem-
based), but cases are generally presented to students as short controversial stories or 
problems (Herreid, 2006; Knight et al., 2008; Kulak & Newton, 2015). Directed and 
interrupted are guided inquiry learning experiences, often consisting of asking supporting 
questions within the case to scaffold student learning. Directed case studies are short and 
are often solved within a single class meeting time. Interrupted case studies are divided, 
often presenting a set of clues at a time to solve a single problem. Problem-based learning 
includes the case studies that utilize open-inquiry experiences. These cases often provide 
minimal scaffolding and do not include a correct or incorrect solution (Kulak & Newton, 
2015). The case study needs to solve a specific problem within the context of the learning 
material and should include both valid and superfluous data to help guide students and 
teach to identify unimportant information (Hall et al., 2016). Typically, a CBL format 
includes advanced student preparation, such as a lecture. Generally, cases within CBL 
include guided inquiry as facilitators assist students working through tangents (Hopper, 
2018). Instructors provide learning objectives to students and interact more actively with 




3.2.3 Trends in General Biochemistry Undergraduate Education Case-Based Learning  
Central Dogma education is a narrow discipline that is not often addressed in the 
research literature. Understanding CBL in general biochemistry education provides 
insights into potential directions of Central Dogma education. CBL and problem-based 
learning (PrBL) are beginning to gain momentum in biochemistry education. Several 
studies have implemented CBL or PrBL, or a blend of both models. For this reason, the 
term CBL will describe both CBL and PrBL within this manuscript. CBL studies within 
biochemistry education focus on improving students’ disposition towards learning. 
Overall themes in general biochemistry CBL include improving students’ motivation and 
sense of self-efficacy, students identifying real-world applications, and students’ 
preference for guided inquiry. 
 Several CBL implementation modes have emerged in the literature, and the most 
common trend is CBL integrated within traditional lectures (Cresswell & Loughlin, 2017; 
Hartfield, 2010; Kulak et al., 2017). Traditional university lectures promote surface-level 
learning strategies and are efficient in transferring information to students (Trigwell et al., 
1999). CBL formats, such a directed case studies or interrupted case studies, permit 
integrating case studies into a traditional course with relative ease while minimizing 
content removal (Kulak et al., 2017; Yadav et al., 2007). CBL integrated within lectures 
increased students’ perceived motivation (Kulak et al., 2017). Similar findings report 
fully implemented CBL (PrBL format) in medical biochemistry education where students 
have reported higher levels of motivation, increased motivation to continue studying 
biochemistry, and solving problems with a molecular perspective (Yan et al., 2017). 
Regardless of CBL format, students report improved motivation to learn. 
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Assessments and measurements in general undergraduate biochemistry CBL 
outcomes focused on student-reported information and grades. Surveys completed by 
biochemistry students engaging in CBL have reported applying knowledge to solve 
biochemical problems, critical thinking, increased efficacy, relevant content, and 
increased confidence and interest (Bonney, 2015; Bruna et al., 2019; Hartfield, 2010; 
Klegeris & Hurren, 2011; Tarhan & Ayyildiz, 2015). Assessing learning outcomes tends 
to be completed by analyzing exam or semester grades, where students participating in 
CBL outperformed students participating in traditional lecture (Anderson et al., 2005; 
Hartfield, 2010). The use of CBL in a lower-division biology course that introduced 
biochemistry topics observed a strong positive correlation between students’ learning 
perceptions and exam performance (Bonney, 2015). This appears to serve as an example 
regarding how motivation, relevance, and learning can be positively related, as explained 
using SCT. Interestingly, Bonney (2015) reported that students engaged in CBL 
throughout a course did not significantly perform better between exams as they 
progressed through four case studies. Bonney (2015) suggested that experience with CBL 
may not relate to exam performance. This suggests the potential effectiveness of small 
case studies integrated into a course. Given this information, a single case study 
implementation may be as effective as a case study that lasts the duration of the course.  
Improved outcomes may be explained by a study completed by Kulak and 
Newton (2015), which studied how CBL influences student learning approaches in 
biochemistry courses and how students perceived course experiences. In a lecture course 
that implemented CBL, students engaged in CBL did not rely on surface-level learning 
approaches. In contrast, students who were not engaged in CBL increased surface-level 
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learning approaches throughout the semester. Students in CBL outperformed those who 
were not participating in a CBL class with respect to overall grade comparison and grade 
distribution (Kulak & Newton, 2015). A positive relationship among biochemistry cases, 
deep-level learning, and memory retention has also been reported (Kulak & Newton, 
2015).  
Students favor guided inquiry in both undergraduate and medical education 
(Anderson et al., 2005; Klegeris & Hurren, 2011; Srinivasan et al., 2007; Tarhan & 
Ayyildiz, 2015). Students experienced uncertainty while engaging in CBL and often 
needed reassurance, especially with a hypothesis and research question development 
(Anderson et al., 2005; Klergeris & Hurren, 2011). However, students felt a sense of 
empowerment after engaging in a semester of CBL (Anderson et al., 2005). A similar 
finding demonstrated increased efficacy when students became less reliant on tutors as 
they progressed throughout a four-week CBL unit (Tarhan & Ayyildoz, 2015). These 
results align with SCT in that self-efficacy increases with mastery (Bandura, 2010; 
Bandura & Walters, 1997; Bembenutty et al., 2016; Bonney et al., 2005).  
3.2.4 The Use of CBL to Teach the Central Dogma of Molecular Biology in Context of 
Medical Diseases 
Within an emerging interest of utilizing CBL to teach biochemistry, a subset of 
research describes using CBL to teach the Central Dogma of Molecular Biology and 
medical diseases. Understanding HD requires how each process of the Central Dogma, 
especially transcription and transcriptional regulation, induces errors in downstream 
metabolism. For example, mutant Huntingtin interacts with unpacking DNA from the 
histone (transcriptional regulation) or amino acid sequence breaks and causes protein 
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aggregation (post translation) (see reviews by Kumar et al., 2014; Labbadia & Morimoto, 
2013). Literature related to Central Dogma education indicates emerging trends moving 
towards situated learning but requires more efforts to connect student motivation, 
interest, and CBL learning outcomes.  
3.2.4.1 Increasing Motivation with Situated Learning and the 
Central Dogma of Molecular Biology  
A predominant focus and goal of CBL during Central Dogma education is to 
increase students’ motivation to learn, similar to general biochemistry education. For 
example, Knight et al. (2008) implemented a redesigned upper-division cell and 
molecular biology course that integrated case studies in the course laboratories. The 
objective of this study was to move science learning away from standardized “cookbook” 
laboratories. Students completed four case studies, and the duration of each CBL unit was 
2-3 weeks. Student attitudes and learning outcomes were monitored and compared to 
traditional laboratory courses. Knight et al. (2008) observed in the CBL laboratory that 
students required support while developing a research question during the first two 
laboratory exercises. However, students’ research questions increased in diversity as the 
semester progressed, and students improved their research skills related to finding 
reliable literature and references. Students were excited to engage in CBL at the start of 
the term, and the researchers were able to maintain students’ excitement throughout the 
semester. During interviews, students commented that case studies were relevant and 
they experienced increased motivation and interest. The researchers identified that 
students were able to connect more concepts as the semester progressed. The researchers 
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also noted improvements in problem-solving skills, real-world applications, and scientific 
thinking (Knight et al., 2008). 
Case studies designed to address specific misconceptions in the Central Dogma 
have also improved students’ learning disposition. The literature reports that 
undergraduate students struggle to understand the underlying mechanisms of how gene 
expression leads to a particular phenotype. While students may understand that gene 
expression directly results in a protein product and that proteins influence phenotype, 
students often provide truncated explanations for mechanistic reasoning (i.e., Duncan & 
Reiser, 2007). Studies have demonstrated that CBL has supported students in 
understanding gene expression and how genotype changes influence phenotype (i.e., 
Cloud-Hansen et al., 2008; Cornely, 1998). While the study completed by Cloud-Hansen 
et al. did not report significant content learning gains, students expressed an increased 
understanding of gene expression and how gene changes impact phenotype (2008).   
Cornely (1998) appears to be among the first researchers to address this 
misconception. Within a one-semester biochemistry course, Cornely (1998) developed 
case studies to teach macromolecular structure and function, intermediary metabolism, 
and foundation of molecular biology in inherited metabolic diseases. Within the case 
studies completed outside the course meeting time, students identified the affected 
enzyme and discussed how specific defects within the enzyme influence the observed 
physiology (Cornely, 1998). Within this study, students reported that working with other 
students increased self-efficacy (Cornely, 1998). Students also valued CBL and reported 
enjoyment working in the context of real-world situations. A HD case study was 
implemented in an online biotechnology course (PrBL format). Interestingly, students 
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engaging in PrBL earned lower exam scores compared to students participating in a 
lecture course and no significant difference was observed for the overall grades in the 
course (Cheaney and Ingebritsen, 2005). Despite this, students in the PrBL group still 
reported the nature of genetic disorders (Cheaney and Ingebritsen, 2005). While not 
discussed by the authors, it is possible that their assessment did not align with the 
numerous learning outcome possible during an open-inquiry experience, which would 
allow for differentiation, which emphasizes the importance of understanding how 
students are constructing scientific knowledge.  
The outcome of CBL to learn the Central Dogma reports slightly different results 
compared to CBL in general biochemistry education. Similar to general biochemistry 
education, learning the Central Dogma using CBL improved self-efficacy and students’ 
motivation to learn (Bergland et al., 2016; Cornely, 1998, Cloud-Hansen et al., 2008; 
Knight et al., 2008; Kulak et al., 2017; Yan et al., 2017). These results can explain that 
situation learning improves self-efficacy and motivation when considering SCT 
(Bembenutty et al., 2016). The study completed by Bonney (2015) incorporated Central 
Dogma-related topics within the lower-division course and observed a relationship 
between students’ learning perceptions and exam scores, demonstrating a relationship 
between motivation and cognition in SCT (Bembenutty et al., 2016). While many studies 
demonstrate the overall effectiveness of CBL in biochemistry and Central Dogma 
education with respect to overall learning outcomes and motivation, learning how case 
studies support students’ conceptions appears to be an area for growth. 
3.2.4.2 Review of Methodology and Learning Outcomes in 




Upon reviewing literature related to CBL in Central Dogma education, it appears 
that a primary objective is to increase students’ sense of self-efficacy and motivation 
measured with student-reported data (Cornely, 1998; Cloud-Hansen et al., 2008; Knight 
et al., 2008). Assessing student motivation and sense of self-efficacy is necessary as it 
promotes self-regulation in critical thinking as explained using SCT, but additional 
research is required to understand how CBL supports students in constructing scientific 
knowledge. Given this information, this study investigates how case studies can support 
students in constructing scientific knowledge. Furthermore, this study investigates how 
solving a case study prior to class influences students’ ability to construct scientific 
explanations for HD and to engage in self-regulate learning.  
3.3 Methods 
Presented here are the methods detailing a mixed methods study (Creswell, 1999) 
that investigated learning outcomes related to the Central Dogma while solving a directed 
HD case study. The objective of this study was to determine how the use of medical case 
studies can create a situated learning experience can support students’ understanding of 
the Central Dogma. Written explanations are supported with quantitative data. 
Quantitative data were collected from pre- and post- surveys. The surveys consisted of 
the Central Dogma Concept Inventory (CDCI) and an efficacy survey. The following 
sections outline the details of the study: 
3.3.1 Course Context and Participants  
Course context and participants are described in Chapter 2. Briefly, this study was 
completed in a Human Genetics course during the Spring 2021 at a large Research I 
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university in the southern/southeastern United States. Due to University guidelines 
developed in response to the pandemic, this course, typically offered in a traditional, in-
person lecture format, was offered as a synchronous online lecture course via Zoom. 
Match responses on pre- and post- assessments were collected from 19 consenting 
students. Student demographic information is provided in Chapter 2. Approximately 28 
students were enrolled during the Spring 2021 semester. Twenty-three students 
completed the pretest, and 26 students completed the posttest. Case studies were typically 
completed in a single class meeting time. The case study used in the current research 
study was the first of the cases presented to the students. 
3.3.2 Intervention 
Within this case study, students reviewed a medical report about a child 
diagnosed with HD that was published in the Journal of the American Academy of Child 
and Adolescent Psychiatry. Students had to identify specific processes of the Central 
Dogma involved and explain to the mother why the child was experiencing symptoms. 
The objective was to determine how the timing of case study presentation influenced 
learning outcomes. To complete this, consenting students took a pretest approximately 
one week before the in-class case study activity and had two days to complete the 
assessment. Once the pretest closed, students had five days to complete one of two 
assignments: 1) Review the case study and answer the questions (see Appendix 2 for the 
complete case study activity given to students in the CBL+ group); or 2) complete a 
problem set on the Central Dogma (see Appendix 2 for problem sets given to students in 
the CBL- group). Consenting students who selected the case study self-selected into the 
CBL+ group. Consenting students who completed the problem set or opted out of the 
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assignment self-selected into the CBL- group. Upon completion of the case study, 
students had one week to complete the posttest. Regardless of if a student consented to 
the study, all students were required to review the background reading and participate in 
the case study class discussion as a part of the course. Students completed the case study, 
problem sets, pretest, and posttests for extra credit, regardless of if they selected to 
participate in the study. 
Typically, within the course, students solve two case studies a semester. The 
course instructor agreed to implement a third case study for research and instructional 
purposes. In a typical case study session within the course, students complete background 
reading prior to attending class. Readings typically include review articles. Once in class, 
students read the case study as a class, then divide into groups to discuss the case study 
questions.  
 Prior to the class in which the case was to be discussed, both groups were 
assigned preliminary activities to prepare for the discussion. Both groups reviewed three 
articles, a video demonstrating DNA slippage and incorporation of trinucleotides into the 
RNA, and the original medical report that served as the foundation for this intervention. 
In addition to the original medical report, students read the original article about the 
chorea observed in HD by George Huntington (Huntington, 1872) and the original article 
that first reported the gene expansion (MacDonald et al., 1993).  
Students who consented to being recorded in the CBL+ group were randomly 
selected as the number of consenting students exceeded the desired capacity of the 
discussion group. Other groups were not recorded due to limitations with students and 
ability to record on Zoom. Exactly enough CBL- students consented to being recorded 
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and were assigned to a discussion room. Students who consented to being recorded in the 
CBL+ group were randomly selected as the number of consenting students exceeded the 
desired capacity of the discussion group. Other groups were not recorded due to 
limitations with students and ability to record on Zoom. Due to IRB protocol, informed 
consent was provided separately for pretests, posttests, and small group discussion. All 
students were de-identified upon data collection. As such, students in the recorded small 
discussion groups may or may not have provided matched pre- and posttests and vice 
versa.  
The CBL- group consisted of six students and the CBL+ group consisted of seven 
students during the small group discussion via Zoom. The duration of small group 
discussion was twenty minutes, followed by a class discussion. Small group discussions 
were recorded via Zoom. The remaining discussion groups consisted of students who did 
not consent to being recorded or who were not randomly selected to be in a recorded 
room.  
 Once the CBL- and CBL+ groups entered their designated breakout rooms, 
students discussed the following questions: 
Research the processes of transcription, transcriptional regulation, and 
translation in relation to TNR. Which process(s) explain what happened in the 
processes that leads to Huntington disease? How are the process(s) effected and 
differ from DNA replication, transcription, translation, and/or transcriptional 




3.3.3 Data Collection  
Match responses on pre- and post-assessments were collected from 19 students. 
Student demographic information is provided in Chapter 2. Students completed a pre- 
and posttest that assessed their content knowledge, self-efficacy, engagement in scientific 
practices, and perceptions about the case study. Each test consisted of the following 
components: 1) the Central Dogma Concept Inventory (CDCI), 2) two open-response 
tasks, and 3) a self-efficacy survey. These components were combined into one 
assessment to reduce the number of assessments students were asked to complete. In 
other words, the components were combined so that students were taking one assessment 
instead of three smaller ones to improve the response rate.  This chapter includes the 
outcomes of the CDCI, reports on self-efficacy, and open-response tasks. All quantitative 
analysis was completed using a Mann-Whitney U-test. Details are provided in the 
following sections: 
3.3.3.1 Central Dogma Concept Inventory  
Permission was granted to use an electronic version of the Central Dogma 
Concept Inventory (CDCI) (Newman et al., 2016) to measure content learning outcomes 
related to the Central Dogma within this study. At Newman et al.’s (2016) request to not 
distribute questions, the assessment is not provided in this dissertation. The CDCI and is 
a 23-question multiple choice assessment designed for undergraduate biology students. 
Newman et al. reports a Cronbach’s alpha of .83, indicating strong reliability (2016). 
Validity of the survey was completed through validation interviews (construct validity) 
and expert feedback (content validity) (Newman et al., 2016). Due to the small sample 
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size (n=19 matched pairs), the Mann-Whitney U-test was selected to determine if a 
significant difference between pre- and posttest scores could be observed between CBL+ 
and CBL- groups. The same size was too small for a paired t-test or an ANCOVA. Due to 
insignificant differences between the pre- and posttest scores, a Mann-Whitney U-test 
was also conducted to determine if there was a significant difference in gain scores for 
both the CBL+ and CBL- groups. A total of three Mann-Whitney U-tests were used to 
analyze the pretest and posttest results along with analysis of gain score: 1) analysis of 
overall score; 2) analysis of transcription-related questions; and 2) analysis of translation-
related questions. 
3.3.3.2 Pre-and Post- Survey 
The objective of the survey was to measure students’ confidence related to their 
understanding of the Central Dogma of Molecular Biology and was designed to reflect 
the major concepts in the CDCI. Students responded to a total of 17 survey items 
(Appendix 3). Confidence changes between pre- and post- surveys were analyzed by 
completing a Mann-Whitney U-test. Through the external reviewer’s expertise in biology 
and science education, they assisted in determining if the survey should be correctly 
interpreted by students by establishing face validity. Feedback from the external reviewer 
provided feedback that supports the potential validity and use of the survey within this 
study. Further efforts to determine content validity, such as confirmatory factor analysis 
and discriminant validity, and construct validity are required.  
3.3.4 Analysis of Open-Ended Response Tasks 
Students responded to the following questions on the pre- and post- tests:  
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1. How would you describe the relationship between gene, genotype, gene 
mutations, phenotype, and Huntington disease? 
2. Think about the Central Dogma and Huntington disease. Which processes 
within the Central Dogma are involved in Huntington disease? How are they 
involved in Huntington disease?  
Briefly, grounded theory was utilized to develop the respective codebooks 
(Appendices 4-5). Throughout this manuscript, these questions will be referred to as the 
foundational and application questions, respectively. Analysis was completed as 
described in Chapter 2, with the exception of a modified codebook for the post-
foundational responses and a new codebook for the post-application responses. Two 
coders engaged in cyclic coding until an interrater reliably of 80% was obtained. Once 
interrater reliability was established, the coders discussed disagreements until reaching a 
consensus.  
In addition to grounded theory, each of the responses was scored as described in 
Chapter 2. Students’ responses were scored as one of the following: 0) No Response, 1) I 
Don’t Know, 2) Scientific Fragment, or 3) Scientific Explanation. Like the grounded 
theory approach, cyclic scoring until an interrater reliability of 80% was obtained. Once 
interrater reliability was established, the coders discussed disagreements until reaching a 
consensus. Once responses were categorized based on score, trends in students’ 




3.4.1 Results of Pre-and Post- CDCI Assessments and Self-Efficacy Changes  
No significant changes were observed in the overall CDCI scores. Due to 
convenience samples, all results provide descriptive statistics and cannot be generalized 
to an entire population of Central Dogma learners. The overall average of the pre-CDCI 
was 46.2%, with a standard deviation of 19.4%. A slight increase on post-CDCI score 
was observed. The overall post-CDCI average was 48.3%, with a standard deviation of 
17.6%. The average pre-CDCI score for CBL- group was 43.5% and the average post-
CDCI score was 47.8% (standard deviation of the pre- and post- CDCI was 25.1% and 
24.4%, respectively). The CBL+ group demonstrated less gains on the CDCI. The 
average pre-CDCI for the CBL+ group was 47.5% and the average post-CDCI was 
48.5% (standard deviation of the pre- and post- CDCI was 17.2% and 14.6%, 
respectively) (Table 13).  
To determine if there was significant change for specific Central Dogma concepts, 
the CDCI was divided into topics that related to transcription (including replication) and 
translation. No significant differences were observed between the CBL+ CBL- groups for 
each content portion. Significance was established with a Mann-Whitney U-test. 
 For the transcription portion of the CDCI, the CBL- group demonstrated a slight 
decrease in their understanding for the pre- and post- CDCI. The average score for the 
transcription portion of the CDCI was 45.4% and slightly decreased to 44.0% on the post-
CDCI (standard deviation of the pre- and post-CDCI was 25.7% and 24%, respectively). 
In contrast, the CBL+ group performed roughly the same on the transcription portion 
between the pre- and post-CDCI (pre-CDCI, 46.2%; post-CDCI, 46.9%; standard 
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deviation of the pre- and post- CDCI was 21.5% and 17.3%, respectively) (Table 13). 
The change in the CBL- group was lower, but performance in the CBL+ group was 
greater as the range of scores was narrower. This observation was made on the face of the 
scores but was not statically determined.  
 Both groups demonstrated learning gains on the translation portion of the CDCI, 
although the CBL- group seemed to demonstrate a greater growth. The average 
translation pre-CDCI for the CBL- group was 42.4% and the average translation post-
CDCI was 51.5% (standard deviation of the pre- and post- CDCI was 26.1% and 24.8%, 
respectively). The CBL+ group also demonstrated translation learning gains, but to a 
lesser extent compared to the CBL- group. The average translation pre-CDCI score was 
49% and the average translation post-CDCI was 53.1% for the CBL+ group (standard 
deviation of the pre- and post- CDCI was 19.5% and 16.1%, respectively) (Table 13).  
 Due to insignificant results of pre- and post- CDCI scores between CBL+ and 
CBL- groups, gain scores between pre- and post- tests were analyzed. Differences 
between gain scores were insignificant between CBL- and CBL+ groups. The CBL- 
scored gained an average of 4.35% and the CBL+ gained an average of 1.00%. For 
transcription questions, the score for the CBL- score decreased 1.52% and the CBL+ 
score increased 0.70%. The translation scores of the CBL-group increased 9.09% and 
4.2% for the CBL+ group (Table 14). 
Lastly, no significant differences were observed in confidence scores between the 
pre- and post- surveys for the CBL+ and CBL- groups. On a four-point Likert-type scale 
(1, Strongly Disagree - 4, Strongly Agree), the average confidence score was a 3.0 on the 
pre-survey and a 3.3 on the post-survey (standard deviation of 0.43 and 0.38, 
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respectively). For the CBl- group, the average pre-survey was 2.87 and 3.09 for the post-
survey (standard deviation of 0.54 and 0.27, respectively). For the CBL+ group, the 
average pre-survey confidence score was 3.1 and the average post-confidence score was 
3.4 (standard deviation of 0.33 and 0.35, respectively) (Table 15). These results suggest 
that students entered the case study with confidence about their knowledge related to the 
Central Dogma and while scores slightly improved between the CBL- and CBL+ group, 
students’ confidence remained relatively the same upon completion of the case study. 
Reliability for pre- and post- surveys were calculated. Cronbach’s alpha for the pre-
survey was 0.907. Cronbach’s alpha for the post-survey was 0.942. The internal 
consistency measures for the pre- and post- surveys indicate strong reliability.   





























































Table 14. Averages of CDCI Gain Scores 






















Table 15. Average Self-Efficacy Scored for the Pre- and Post-Survey 






















3.4.2 Foundation Question: How would you describe the relationship between gene, 
genotype, gene mutations, phenotype, and disease? 
3.4.2.1 Pretest Responses 
In the pretest responses, students in the CBL- group commonly discussed a 
genotype definition (20.8%; n=5), phenotype as the reflection of gene expression (25.0%; 
n=6), and mutations (25.0%; n=6). To a lesser extent on the pretest, students also 
referenced some aspects of the Central Dogma and mentioned a relationship between 
proteins and phenotype. However, their posttest responses less frequently mentioned 
Central Dogma and did not mention a relationship between phenotype and protein.  
Overall, students in the CBL- group demonstrated foundation knowledge about 
the relationship between gene, genotype, gene mutation, phenotype, and disease on the 
pretest (see Table 15 for an example). With regards to genotype, students in the CBL- 
group often provided a range of definitions on their pretests. Students in the CBL- group 
defined genotype as something coded by genes, the DNA sequence or all genes of an 
organism, or that genes make up a genotype. A related code, Gene Expression, was also 
frequently observed with the Genotype code. However, this code focused on phenotype 
as a reflection of gene expression. More specifically, students described that a genotype 
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would determine the physiological expression in addition to describing phenotype as a 
display of the genotype. Overall, it appears that students connected mutations to 
phenotype. Students in the CBL- group described that a mutation would alter the 
genotype and, possibly, the phenotype. Students also described that the change in 
phenotype leads to disease or generally described that gene mutations lead to disease.   
To a lesser extent, students did describe that proteins create the phenotype. Only 
two students within this group referenced proteins, stating that DNA or genes codes for a 
protein that is expressed phenotypically. However, these students did not connect 
proteins to disease and phenotype.  
Students in the CBL+ group followed similar trends as the CBL- group. These 
students most commonly described mutations (24.5%; n=13), genotype (17.0%; n=9), 
and phenotype as an expression of genes (18.9%; n=10). A less frequently applied code 
included describing disease as a phenotype (11.3%; n=6). Other commonly applied codes 
for pretest responses included describing phenotype as a physical expression (11.3%; 
n=6) and one student referenced a relationship between protein and phenotype (1.9%; 
n=1). 
Trends in descriptions about genotype by students within the CBL+ group parallel 
definitions provided by students in the CBL- group on pretest responses. Like the CBL- 
group, students defined genotype as a label for genes within an organism, all genes within 
the genome, alleles for a certain gene, a set of genes, or “what a gene looks like.” 
Students in the CBL+ group demonstrated a strong relationship between physical 
appearance (phenotype) and gene expression. When students discussed gene expression 
in their pretest responses, they most often discussed phenotype as the outward expression 
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of genotype, which may be observed. Students also commonly referenced phenotype as 
the physical appearance upon gene expression. Furthermore, students in the CBL+ group 
connected mutations to a change in phenotype, and some students identified disease as a 
phenotype.  
The connection of disease and phenotype is the primary difference between the 
pretest responses for the CBL- and CBL+ groups. The CBL+ group referenced that 
disease is a phenotype to a much larger extent compared to the CBL- group. A particular 
point of interest is the relationship students established among protein, phenotype, and 
disease. Both groups referenced protein within their responses, but the students in the 
CBL+ group connected proteins to phenotype and disease. Consider the example 
presented in Table 15. The student in the CBL- group stated that proteins create a 
phenotype and mutations alter the phenotype, which causes disease. The student in the 





Table 16. Examples of Pretest Responses from the CBL- and CBL+ Groups 
CBL- Pretest   CBL- Codes  CBL+ Pretest  CBL+ Codes  
“Genotypes are 
comprised of all the 
genes in an organism. 
Genes code for 
proteins that create the 
phenotype of an 
organism. Gene 
mutations can change 
the phenotype of an 
organism. Mutations 
can create certain 
phenotypic conditions 








by Protein; Cause 
Disease  
“Genes codes for 
proteins which 
affect the 
phenotype of an 
organism. Gene 
mutations can 
change the protein 
produced by the 
gene and, 
therefore, change 
the phenotype of 
the organism. This 
phenotypic 
changes can be 
disease cause for 
the organism. The 
genotype is the 
specific alleles an 
organism has for a 









These examples describe how mutations change the phenotype. However, there is 
a primary distinction between the CBL- and CBL+ groups: students that describe that 
phenotypic changes cause disease vs. students that describe that phenotypic change is a 
disease. The CBL+ group tended to describe the relationship between phenotype and 
disease to a greater extent, but these students also emphasized that disease is a phenotype. 
Only two students the CBL- group established relationships between phenotype and 
disease: one student described that phenotypic changes cause disease, while the other 
stated that phenotypic change is the disease itself. When considering the examples in 
Table 17, the Cause Disease code was applied as the student stated that “…if a mutant 
genotype is present and represents through a phenotype, this can result in disease.” In 
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contrast, the Disease as Phenotype code was applied when the student said “…A disease 
has symptoms that are the phenotype of the mutated gene.”  
Table 17. Examples of Cause Disease and Disease as Phenotype Codes  
Cause Disease Disease as Phenotype 
“Gene mutations affect the gene itself, 
which can result in altered genotypes. 
Phenotypes are the physical trait 
observed from a genotype; if a mutant 
genotype is present and represents 
through a phenotype, this can result in 
disease.” 
“Gene is a region coded that will 
determine the genotype (sequence) and 
determine the physiological expression of 
the sequence (phenotype). A disease has 
symptoms that are the phenotype of the 
mutated gene.” 
 
When considering these two examples, the two codes represent the differences 
between causation of disease versus disease as an abnormal phenotype. These two codes 
are important because they demonstrate potential misconceptions and depth of 
understanding in students’ responses. A misconception that has been reported in the 
literature is that students struggle to realize that disease is a phenotype (Shaw et al., 
2008). Likewise, phenotype causing disease was a misconception observed within this 
study. In conclusion of the pretest finding, both groups demonstrated foundation 
knowledge. However, students in the CBL+ group accurately connected proteins, 




Table 18. Comparison of Pre- and Post- Responses for the CBL- and CBL+ groups.  
Code CBL- Pretest 
n=24 codes 
CBL- Posttest 
n= 23 codes 
CBL+ Pretest 
n= 53 codes 
CBL+ Posttest 
n=60 codes 
Genotype 29.2%; n=7 34.8%; n=8 26.4%; n=14 31.7%; n=19 
Central Dogma 
Relationship 
8.35; n=2 8.7%; n=2 9.4%; n=5 6.7%; n=4 
Protein Folding  --- --- --- 5.0%; n=3 
Genotype  20.8%; n=5 26.1%; n=6 17.0%; n=9 20.0%; n=12 
Phenotype  45.8%; n=11 39.1%; n=9 49.1%; n=26 46.7%; n=28 
Expression of 
Genes 




--- --- 1.9%; n=1 3.3%; n=2 
Physical 
Expression 
4.2%; n=1 4.3%; n=1 11.3%; n=6 10.0%; n=6 
Cause Disease 4.2%; n=1 4.3%; n=1 3.8%; n=2 3.3%; n=2 
Created by 
Protein 
8.35; n=2 --- 1.9%; n=1 3.3%; n=2 
Disease as 
Phenotype 
4.2%; n=1 8.7%; n=2 11.3%; n=13 10.0%; n=6 
Mutations  25.0%; n=6 26.1%; n=6 24.5%; n=13 21.7%; n=13 
Mutations  25.0%; n=6 26.1%; n=6 24.5%; n=13 21.7%; n=13 
 
3.4.2.2 Posttest Responses 
Overall, the CBL- group demonstrated similar trends within their pre- and posttest 
responses to the foundation question. In the pre- and post- tests, students commonly 
discussed a genotype definition (pretest, 20.8% of codes; posttest, 26.1% of codes), 
phenotype as the reflection of gene expression (pretest, 25.0% of codes; posttest, 21.75 of 
codes), and mutations (pretest, 25.0% of codes; posttest, 26.1% of codes). While students 
referenced some aspects of the Central Dogma and mentioned a relationship between 
proteins and phenotype within their pretest responses, their posttest responses less 
frequently mentioned Central Dogma and did not mention a relationship between 
phenotype and protein (Table 18).  
106 
 
When students in the CBL- group provided explanations about genotype, their 
responses remained relatively consistent between their pre- and post- test responses. 
Common definitions included all genes within an organism, a gene is made up of 
genotypes, genotype is the gene sequence, or genes determine genotype. Like their 
pretest responses, their post-test responses often associated gene expression with 
phenotype and often included responses describing how genes physically appear or are 
expressed to produce an observable phenotype. Students’ understanding of mutations also 
remained relatively unchanged. Students in the CBL- group largely discussed that 
mutations can alter the genotype and phenotype in addition to a student describing 
mutations as an abnormal DNA sequence with the gene (Table 18).  
When comparing the CBL+ group’s pretests and posttest responses to the 
foundation question, students most commonly described mutations (pretest, 24.5%; 
posttest, 21.7% of codes), genotype (pretest, 17.0%; posttest, 20.0% of codes) and 
described phenotype as an expression of genes (pretest, 18.9%; posttest, 16.7% of codes). 
A less frequently applied code included describing disease as a phenotype (pretest, 
11.3%; posttest, 10.0% of codes). On the posttest, students still referenced mutation, 
description of phenotype as expression of genes, definition of genotype, and recognizing 
that disease is a phenotype within their responses in roughly equal percentages. Students’ 
descriptions of phenotype created by proteins remained relatively low (3.3%). However, 
student began referencing protein folding within their responses as represented with an 
emergence of a new code (5.0%) (Table 18). 
Genotype definitions provided by students in the CBL+ group were consistent 
with students in the CBL- group and often consisted of the following descriptions: 
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genotype is a set of genes, genotype is the code for certain genes, genotype is the gene 
composition or sequence, genotype is all the genes for an organism, or genotype is the 
alleles for a gene. Like the CBL- group, students in the CBL+ group described phenotype 
as gene expression and that mutations can change the genotype and phenotype (Table 
18).  
A distinction between the CBL- and CBL+ groups on posttest results is the 
relationship between gene expression, phenotype, and mutations. The CBL- group did not 
reference proteins within their posttest responses. However, students in the CBL+ group 
began to discuss that gene expression results in protein and often connected this 
knowledge with mutations. More specifically, students in the CBL+ group began to 
recognize that mutations influence protein structure or function, leading to an abnormal 
phenotype. Students also began to elaborate on this knowledge by explaining that 
changes in protein folding will disrupt protein function, which causes disease (Table 18).  
Lastly, students in the CBL- group tended not to include disease within their 
responses as frequently as the CBL+ group. Like their pretest responses, students in the 
CBL- group discussed that mutations create a phenotype that causes disease or created a 
disease-like phenotype. Overall, students in the CBL+ group also follow their pretest 
trends, but there was observable movement to the inclusion of proteins and their 
relationship with disease. In conclusion, most students maintained their foundational 
knowledge and remained relatively unchanged. However, students in the experimental 
group began to demonstrate depth of understanding with their discussion of proteins. 
Specifically, they discussed how mutations within proteins lead to changes in protein 
folding, therefore changing the protein structure.  
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Table 19. Examples of Posttest Responses from the CBL- and CBL+ Groups 
Posttest Response Codes 
CBL- Response   
“Genotypes are comprised of all of the 
genes present in an organism. Mutations 
can occur within these genes that may 
lead to a mutant phenotype. These mutant 
phenotypes may cause adverse reactions 
within the organism, leading to the 
disease condition.” 
Genotype; Mutations; Cause Disease; 
Expression of Genes  
 
CBL+ Responses  
 
“Gene mutations can occur in a cell when 
the DNA for a gene has a mutation or in 
the process of expressing that gene. When 
a mutation is present in a person's 
genotype that greatly impacts a person's 
protein production or function, especially 
one that is necessary, it can result in a 
specific phenotype that is different then 
what is considered normal and can even 
present itself as a disease.” 
Created by Protein, Mutation, Protein 
Folding, Central Dogma Relationship, 
Disease as Phenotype, Expression of 
Genes  
 
“All the genes in an organism make up 
the organisms genotype. The genes code 
for proteins which are expressed in the 
organism. This expression is the 
phenotype. When there is mutation in 
genes, proteins sometimes fold incorrectly 
and don’t function or function in an 
inappropriate way. This can cause 
disease.” 
 
Genotype; Central Dogma 
Relationship; Protein Folding; 
Expression of Genes; Mutations; 
Created by Protein; Cause Disease  
 
3.4.3 Application Question: Think about the Central Dogma and Huntington disease. 
Which processes within the Central Dogma are involved in Huntington disease? 
How are they involved in Huntington disease? 
3.4.3.1 Pretest Responses 
Overall, on pretest responses, the majority of students in the CBL- group 
indicated that they did not know the relationship between the Central Dogma and HD 
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(45.5%; n=11). On the pretest, students most commonly referenced mutations, 
specifically mentioning mutations causing disease (9.1%; n=1), gene mutations (18.2%; 
n=2), and the relationship between mutation and phenotype, (9.1%; n=1). Students also 
discussed errors within translation and proteins (9.1%; n= 1 for each code) (Table 22 at 
end of section).  
Within the CBL-, five students stated that they did not know how the Central 
Dogma relates to HD but provided some sort of guess, which is reflected by the 
application of additional codes: Translation, Protein, Cause Disease, Gene, and 
Phenotype. The Gene code was applied to two responses: one discussed general gene 
mutations and the other discussed allelic mutations. The student that discussed gene 
mutation also recognized that the mutation would create a “non-functional” phenotype.  
One student simply guessed translation and another student guessed that ineffective 
proteins are related but lacked detail. Similarly, a student recognized that a mutation 
caused the disease but forgot which mutation was associated with HD (see Table 21 for 
examples).  
For the CBL+ group pretest responses, 18.8% of codes indicated that students did 
not know how the Central Dogma is related to HD (n=6). Additionally, the students 
referenced transcription and translation (18.8%; n=6 each) and errors in protein (12.5%; 
n=4). To a lesser extent, students discussed mutations with regards to gene mutations 
causing disease, nondisjunction, mRNA, and inheritance on their pretests (Table 22).  
Among the six students that did not know, three students did not attempt a guess 
or prediction. The remaining three students provided some sort of guess. One student 
stated that a gene mutation is inherited but would need to do more research. Another 
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student indicated that they did not know how replication, transcription, and translation 
affect HD. The remaining student that hedged their answer with “I don’t” also referenced 
the Central Dogma but connected the processes that create a disease-causing protein. 
When students discussed transcription and translation, they generally discussed that these 
processes are altered and tended to lack detail. Similar to the protein code, students stated 
that an incorrect protein is formed but did not provide details (see Table 19 for example). 
Overall, responses were brief. 
Table 20. Examples of Pretest Responses from the CBL- and CBL+ Groups 
CBL- Pretest Codes CBL+ Pretest  Codes 






disease.  I guess 
there is an 
allelic mutation, 
but I do not how 
that is 
incorporated 






Protein   
“I am not sure 
but I would 
guess an error 
occurred during 
replication that 
leads to the 
transcription 
and translation 
that creates a 
protein that is 
wrong and that 
causes the 
disease.” 










3.4.3.2 Posttest Responses 
Responses of CBL- group were more detailed on the posttest. Students most 
commonly discussed errors in replication (20.8%; n=5), trinucleotide repeats (16.7%; 
n=4), inheritance (12.5%; n=3), and alternative proteins (16.7%; n=4). A clear 
delineation between pretest and posttest responses was the movement away from a 
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response indicating they did not know of any relationships. None of the six students 
noted this omission of knowledge on the posttest (Table 22).  
When the CBL- group discussed the role of replication, it was in the context of 
TNR production. The Replication and TNR codes tended to appear together, expect for 
one instance when the student stated that replication is involved in HD because it is a 
hereditary disease. Other students discussed inheritance with respect to gene mutation 
being passed down to offspring. Students’ responses that included proteins tended to be 
vague, simply stating that a mutant protein is involved in HD (Table 20).   
On the posttest, responses for students in the CBL+ group became more detailed 
and discussed a range of topics. Students most commonly discussed TNR (19%; n=11), 
alternative protein (13.8%; n=8), transcription (15.5%; n=9), replication (10.3%; n=6), 
and translation (10.3%; n=6). DNA slippage was also discussed to a lesser extent (Table 
22).  
 Many students discussed TNR in the context of DNA replication and hairpin 
loops. Like the CBL- group, it was common for the TNR and Replication codes to appear 
together. These students discussed that DNA slippage creates a hair pin loop, which 
results in the creation of TNRs. Other responses were more generic and stated that HD 
stems from trinucleotide repeats or causes the gene to expand. Another Central Dogma 
connection that was made was that repeats accumulate as transcription occurs, which 
results in the accumulation of mutant proteins. Others focused on inheritance in which the 
repeats are inherited and the number of repeats are associated with disease severity 
(Table 20).  
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 Another frequently applied code among responses provided by the CBL+ group is 
the discussion of proteins (Protein code), in which students’ protein discussion range in 
complexity. The most general response provided included the general discussion of 
excess amino acids within the mutant proteins, but others specified excess glutamines. 
Other general responses include synthesis of disease-causing proteins and non-functional 
proteins is associated with aggregation in HD. An interesting finding within the responses 
of two students reflects their increased knowledge of structural biology. These students 
discussed that the excess amino acids create structural differences in the protein, mainly 
through the presence of beta-sheets, which causes protein aggregation:  
“All of the processes are involved because as the gene is replicated, there is a 
slippage in the DNA polymerase that creates TNRs, or trinucleotide repeats, of 
CAG in a hairpin loop. This hairpin loop when transcribed is incorporated into 
the mRNA as large amounts of repeats (from the 40s to 70s or even higher when 
‘normal’ is considered under 34 repeats). This mRNA is then translated into a 
protein that has extra amino acids in the protein which leads to misfolding of the 
protein as extra beta sheets that change the structure enough to form aggregates 
which in bulk are toxic in the brain and destroy neuron function in the brain.” 
Translation code was also closely tied to the Protein code as it served a functional 
purpose in students’ responses concerning RNA and the mutant protein.  
Transcription was also frequently discussed among students in the CBL+ group. 
Discussion related to transcription largely related to hairpin loops formed from DNA 
polymerase slippage incorporated into the mRNA during transcription.  
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 In addition to more detail provided by the CBL+ group compared to the CBL- 
group, a subtle difference with systematic applications appears . While these discussions 
were minimal, students in the CBL+ group tended to apply their responses to downstream 
physiological effects. These students discussed that protein aggregation is associated with 
neural toxicity. In contrast, the CBL- group generally discussed phenotype in their 
responses (Table 21).  
Table 21. Example of Posttest Responses from the CBL- and CBL+ Groups  
CBL- Posttest Codes CBL+ Posttest Codes 
“Huntington’s 
disease is the 
result of the 
production of an 
abnormal protein 




parent.  DNA 
replication 
produces 











“Replication is involved in 
HD because of errors 
during replication by 
slippage of DNA 
polymerase. Transcription 
is involved because the 
extra CAG repeats will be 
included in the RNA 
product forming a hairpin 
loop. The translation is 
involved because the extra 
CAG repeats will code for 
extra glutamines which 
will, in turn, cause 
different abnormal/toxic 













Table 22. Examples of Downstream Effect Codes  
Group Response 
CBL- Group “During DNA replication, the DNA polymerase adds on 
extra repeated nucleotides which will cause an expansion in 
the DNA. When this expanded DNA gets transcribed, the 
reading frame of the mRNA changes. Therefore, there is a 
phenotypic change in terms of proteins expressed and how 
many” 
CBL+ Group  “The process that are involved in Huntington disease are 
translation, DNA replication, and possible transcriptional 
regulation. During DNA replication, DNA polymerase slips 
off of the DNA template strand causing a hairpin loop that is 
incoorperated into the DNA causing triple nucleotide 
repeats. These regions are unstable and in the IR-15 gene 
are the cause of Huntington disease. It is speculated that 
these regions are worsened by DNA mismatch repair 
inaccurately correcting the error. This causes the repeat 
area to get even longer leading to earlier onset of worse 
symptoms of Huntington disease. When this area is 
translated as it is found in the exons, it produces proteins 
that have a different Beta-sheet that causes them to fragment 
and then come back together in huge groups. These groups 
are toxic to neural cells and could be the result of cognitive 





Table 23. Comparison of Pretest and Posttest Application Questions for the CBL- and 
CBL+ Groups 
Code CBL- Pretest 
n=11 codes 
CBL- Posttest 
n= 24 codes 
CBL+ Pretest 
n= 32 codes 
CBL+ Posttest 
n=58 codes 




18.2%; n=2 87.5%; n=21 56.3%; n=18 91.4%; n=53 
Replication --- 20.8%; n=5 --- 10.3%; n=6 
Transcription  4.2%; n=1 18.8%; n=6 15.5%; n=9 
Translation  9.1%; n=1 4.2%; n=1 18.8%; n=6 10.3%; n=6 
Protein  9.1%; n=1 16.7%; n=4 12.5%; n=4 13.8%; n=8 
DNA Slippage  --- 4.2%; n=1 --- 8.6%; n=5 
TNR --- 16.7%; n=4 --- 19%; n=11 
mRNA --- 4.2%; n=1 --- 5.2%; n=3 
Amino Acid --- --- --- 3.4%; n=2 
Nondisjunction  --- --- --- --- 
Mutations  27.3%; n=4 --- 25%; n=8 --- 
Cause Disease 9.1%; n=1 --- 9.4%; n=3 --- 
Gene 18.2%; n=2 --- 9.4%; n=3 --- 
mRNA --- --- 3.1%; n=1 --- 
Phenotype  9.1%; n=1 --- --- --- 
Inheritance  --- 12.5%; n=3 3.1%; n=1 --- 
Downstream 
Effects 
--- 12.5%; n=3 ---  
Aggregation  --- --- --- 5.2%; n=3 
Neural Toxicity  --- 4.2%; n=1 --- 3.4%; n=2 
Phenotype  --- 8.3%; n=2 --- --- 
     
3.4.4 Analysis of Students’ Scientific Explanations  
3.4.4.1 Foundation Question: How would you describe the 
relationship between gene, genotype, gene mutation, 
phenotype, and disease? 
Research has reported that students struggle to understand that proteins are the 
product of gene expression, the mechanistic relationship between gene and protein (the 
Central Dogma), and the relationship between protein and phenotype (Duncan & Reiser, 
2007; Fisher, 1985; Lewis et al., 2004; Rotbain et al., 2005; Saka et al., 2006, Todd & 
Kenyon, 2016). To demonstrate full understanding of the foundation question, students 
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should describe two large ideas: 1) genes code for protein, the protein’s function will 
determine the phenotype; and 2) a mutated gene that is expressed will result in a mutant 
protein, which will alter the physiology and create a disease phenotype. Specially, the 
change in protein structure will alter the physiology. 
3.4.4.1.1 CBL- GROUP PRETEST RESPONSES 
Six students self-selected into the CBL- group. On the pretest, all students in the 
CBL- group presented scientific fragments. On the pretest, students in the CBL- group 
did not present any misconceptions, but students held a partial understanding. CBL- 
students generally understood that a genotype consists of genes and genes code for a 
phenotype or that the phenotype is the reflection of gene expression: 
“A gene codes for a genotype which is presented in physical appearance as a 
phenotype. A gene mutation can result in a switched up genotype or a new 
phenotype, and a disease can result in a larger issue depending on what it 
affects.” 
Additionally, these students generally understood that a change in genotype, or a 
mutation, would change the phenotype. Only two students referenced proteins within 
their response, describing proteins in relation to normal physiology. They did not connect 
how proteins contribute to disease: 
“A gene is a sequence of DNA that codes for a protein that can be expressed 
phenotypically. Genotype is the DNA sequence of an organism. Gene mutations 
are mutations in the genotype that may or may not be expressed 
phenotypically. Disease is the result of many possible errors in the central dogma 
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and more, including, but not limited to, mutations occurring in replication, 
transcription, translation, RNA processing, and mitotic or meiotic mutations.” 
Within this example, the student connects genes to phenotype by stating that genes code 
for proteins and proteins are expressed in the phenotype. The student also discusses how 
mutations change the genotype and that the mutation may appear in the phenotype. The 
student recognized that disease is a result of errors within the Central Dogma. However, 
the student did not recognize how mutation alters protein structure and function, which 
then influences the downstream metabolism and causes disease.  
3.4.4.1.2 CBL+ GROUP PRETEST RESPONSES  
Thirteen students self-selected into the CBL+ group. Like the CBL- group, these 
students also held partial understandings and presented scientific fragments in the pretest. 
The CBL+ group followed trends observed in the CBL- group about genotype and 
phenotype: genotype consists of genes and genes code for a phenotype, or the phenotype 
is the reflection of gene expression. For example, a response from the CBL+ group states, 
“Genes are a way to figure out a genotype while gene mutations are changes to 
the gene. A phenotype is the physical morphology expression of a genotype. In a 
disease, a mutation can occur changing the genotype and then displaying a 
mutant phenotype.” 
Here, the student describes that genes determine the genotype and mutations are changes 
within the gene. The student also describes that phenotype is an observable trait that is 
determined by gene expression. Additionally, they also understood that a change in 
genotype, or a change mutation, would change the phenotype. 
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Like the CBL- group, if students in the CBL+ group discussed proteins, it was 
typically in the context of normal physiology. If students’ responses were categorized as 
scientific fragment rather than scientific explanation, they often lacked the role of protein 
in disease. One student in the CBL+ group discussed that gene mutations will change the 
protein and change the phenotype, but the student provided a vague description:  
“Genes code for a string of amino acids which form proteins. These proteins are 
used to carry out biological functions. The genotype is a label for what kind of 
genes you have, while phenotype is the outward appearance of your 
genotype. Mutations in a gene can result in different genotypes that could lead to 
different phenotypes that are categorized as a disease.” 
One misconception that emerged in the pretest responses was the relationship 
between phenotype and disease. A reported misconception is that students struggle to 
realize that disease is a phenotype (Shaw et al., 2008). A majority of students that 
discussed disease in the CBL+ group (11.3% of applied codes) demonstrated an accurate 
scientific understanding by stating that disease is a phenotype. Two of the CBL+ students 
shared the alternative conception that phenotype causes disease. Responses from the 
students in the CBL- group tended not to include the relationship between disease and 
protein. Their responses reflected scientific fragments but did not illustrate a scientific 
understanding. 
3.4.4.1.3 CBL- GROUP POSTTEST RESPONSES 
A majority of the students in the CBL- group (four to six students) showed no 
change in their level of understanding of the relationship assessed on the posttest. One 
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student completed a scientific response on the posttest, while the other provided an 
incorrect statement.  
The only student that provided a scientific explanation demonstrated 
understanding in that changes in genotype can create a disease phenotype while still 
lacking some evidence regarding proteins:  
“A gene is what is encoded to make a protein, and a gene can be expressed 
phenotypically. The sequence of the gene is the genotype. The genotype can give a 
phenotype. When a mutation occurs, the sequence of the genotype is altered and 
could lead to a different phenotype like a disease.” 
The student provided an incorrect statement that was too brief to determine 
understanding. Within this study, statements that were too brief to evaluate were 
categorized within the incorrect responses as there was not enough information to 
determine students’ understanding. For example: 
“They are all related. Genes code for traits and can rise to genotypes, these genes 
can mutate and lead to changes in phenotype and disease.” 
For the students that provided scientific fragments, their responses were similar to 
their pretest responses. Students generally described that phenotype is the reflection of 
gene expression and a mutation can change the respective genotype and phenotype.  
“Genotype is the sequence of DNA which has regions that code for specific genes, 
which specific regions of DNA sequence. These regions, after central dogma, are 
expressed and produce an observable phenotype. Gene mutations are any 
abnormal sequence of DNA within a gene encoding region and the product of 
such can be diseases.” 
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Only one student held an incorrect misconception about genotype, which was that a gene 
consists of genotype:  
“A gene is made up of genotypes which physically appear as a phenotype. A gene 
mutation could alter the genotype to change the phenotype, and if the mutation is 
bad enough can cause a disease.” 
These students also understood that mutations may result in disease but did not relate this 
to phenotype.  
3.4.4.1.4 CBL+ GROUP POSTTEST RESPONSES 
 Overall, the CBL+ group demonstrated learning gains when responding to the 
foundation question. The CBL+ group demonstrated increased learning gains based on 
their scored responses. Like the CBL- group, all students in the CBL+ group provided 
pretest responses that were categorized as scientific fragments.  
On the posttest, most students in the CBL+ group (nine of 13 students) showed no 
change in their level of understanding for the relationship assessed. The remaining four 
students provided scientific statements within their posttest responses.  
Four students in the CBL+ group provided scientific explanations. Students’ 
explanation of genotype tended to be in context of mutations and served as functional 
purpose, while others stated that genes make up the genotype or that the genotype is the 
molecular structure of the genes. An example of genotype used in context of mutations 
includes:  
“Different genes are related to genotypes by different alleles on that gene. Gene 
mutations are a change in a specific allele on the gene such that a nucleotide or 
more than one nucleotide is changed…” 
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Students in the CBL+ group that provided scientific explanations tended to 
connect that proteins are produced by gene expression. When a mutation occurs, protein 
function is altered or the protein is somehow different, which creates a disease 
phenotype. Students tended to describe how mutations impact protein production and 
function, which results in phenotype, an example of which follows: 
“Gene mutations can occur in a cell when the DNA for a gene has a mutation or 
in the process of expressing that gene. When a mutation is present in a person’s 
genotype that greatly impacts a person’s protein production or function, 
especially one that is necessary, it can result in a specific phenotype that is 
different then what is considered normal and can even present itself as a 
disease.” 
One student took the same concept a step forward by describing that mutations impact 
protein folding, which influences the function and creates a disease:  
“All the genes in an organism make up the organisms genotype. The genes code 
for proteins which are expressed in the organism. This expression is the 
phenotype. When there is mutation in genes, proteins sometimes fold incorrectly 
and don’t function or function in an inappropriate way. This can cause disease.” 
Students in the CBL+ group who provided scientific fragments generally mirrored 
their pretest results and lacked discussion of proteins in their responses. Most responses 
indicated a partial understanding, and one response resented a misconception. Most 
students provided a definition that genes make up the genotype, although a few 
misconceptions about genotype coding for proteins persisted. The primary focus within 
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this group was that mutations within the genotype influences phenotype and altered 
phenotype present themselves as disease:  
“Genotype refers to the genes of an organism. Phenotype is reflective of how the 
genes are expressed. Gene mutations can change the phenotype in a way that may 
or may not cause disease.” 
The misconception about phenotype causing disease emerged once within the dataset:  
“Our genes are what cause us to have a specific genotype which is simply just our 
genetic makeup. Gene mutation alter our genotype and can have affects on our 
phenotype due to the mutations, there are many diseases that are a results of gene 
mutations that also cause a phenotype.” 
3.4.4.2 Application Question: Which processes within the 
Central Dogma are involved in Huntington Disease? 
How are they involved in Huntington Disease? 
3.4.4.2.1 CBL- PRETEST RESPONSES  
Among the six students that self-selected into the CBL- group, all except for one 
student provided an incorrect statement on their pretest. One student presented a 
scientific fragment.  
 The student that presented a scientific fragment did not indicate that they did not 
know the answer. The student described that HD is caused by a gene mutation that 
impacts transcription and translation: 
“Huntington Disease is a disease caused by gene mutation resulting in a non-
functional phenotype which relates perfectly to the central dogma.” 
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The CBL- students that provided an incorrect statement indicated that they did not know 
but provided a guess. Such guesses somehow related to the Central Dogma or mutations. 
The students that guessed that some aspect of the Central Dogma was involved 
referenced translations or ineffective protein production:  
“I’m not sure which part of the central dogma is involved in Huntington’s 
disease. I know that occurs later in life, and it likely deals with the ineffective 
production of proteins in some capacity.” 
3.4.4.2.2 CBL+ GROUP PRETEST RESPONSES 
Thirteen students self-selected into the CBL+ group. Six students presented scientific 
fragments on their pretests, while three students presented incorrect statements and four 
students did not know. A range of responses was presented by the CBL+ students who 
provided scientific fragments on their pretests. Two students referenced errors in 
replication, which creates error in transcription and translation. As a result, a disease-
causing protein is formed: 
“I am not sure but I would guess an error occurred during replication that leads 
to the transcription and translation that creates a protein that is wrong and that 
causes the disease.” 
One student even presented knowledge about TNRs, which also causes the incorrect 
RNA and protein to be synthesized.  
“The Central Dogma states that DNA makes RNA makes protein. Huntington’s 
disease is caused by errors in DNA replication when a specific repetitive region 
of the genome is incorrectly replicated. Extra repeats are added. Because the 
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DNA is incorrect, the wrong RNA and protein will be synthesized because of a 
cascade effect.”  
Other students generally referenced mistakes in transcription and translation:  
“Huntington disease is a genetic disease, and a mutation in the DNA causes the 
transcription and translation to be altered.” 
Finally, a few students vaguely discussed that incorrect protein synthesis was involved:  
“A certain genotype causes a protein to be formed incorrectly so that it doesn’t 
function properly. This causes Huntington’s disease.” 
For the CBL+ students that provided incorrect statements related to mutations and 
inheritance, one student vaguely described that mutations lead to disease: 
“There are specific mutations in the genome that lead to this disease.” 
Similarly, another student stated that the mutation is inherited:  
“Huntington’s disease is one gene mutation that is passed on from either parent. 
I’m not quite sure how they relate in scientific terms, I’d have to do more 
research.” 
Lastly, one student provided incorrect information about chromosome separation (HD is 
not a nondisjunction disorder):  
“Replication is involved in Huntington’s as a result of improper segregation of 
chromosomes during meiosis.” 
Students in the CBL+ group also presented two instances of misconceptions. HD is a 




“Transcription and translation are processes within the Central Dogma that are 
involved in Huntington disease. Mistakes made during transcription and 
translation as well as other problems such as nondisjunction can result in 
Huntington disease.” 
3.4.4.2.3 CBL- POSTTEST RESPONSES 
For the CBL- group on the posttest, one student presented a scientific explanation, 
three students presented a scientific fragment, and two students provided incorrect 
responses. The CBL- student that presented a scientific explanation discussed errors in 
replication and the role of TNR in the dominant gene. This person also discussed TNR 
about the Central Dogma with the formation if mutant Huntingtin and how in impacts 
nerve cells:  
“Several aspects of the Central Dogma are involved in Huntington disease. 
Huntington disease can be caused by errors in DNA replication of the germline 
cell, causing a trinucleotide repeat expansion to occur. This trinucleotide 
expansion then becomes heritable as a dominant gene. This mutant gene causes 
the creation of mutant Huntingtin, a protein that can cause severe damage in the 
cells of the body, especially nerve cells. In addition to this mutant protein, 
Huntington disease can have adverse effects on protein folding in chaperonins, 
and other effects on normal protein function within the cell.” 
CBL- students that presented scientific fragments with more detail had incomplete 
thoughts. All students described the role of TNR in HD, but their applications varied. 
One student related that TNRs are inherited, and as they replicate, the expansion 
increases (along with severity of the disease): 
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“Huntington’s disease is the result of the production of an abnormal protein from a 
genetic mutation that was inherited from either parent. DNA replication produces 
multiple copies of TNRs that exacerbate the mutation and severity of the HD 
phenotype.” 
Another student understood that HD relates to DNA polymerase slippage, which changes 
the reading frame of the mRNA. The student then stated that type and number of proteins 
expressed determines the phenotype.  
“During DNA replication, the DNA polymerase adds on extra repeated nucleotides 
which will cause an expansion in the DNA. When this expanded DNA gets 
transcribed, the reading frame of the mRNA changes. Therefore, there is a phenotypic 
change in terms of proteins expressed and how many.”  
Finally, the last student provided a generic response that TNRs expand with replication, 
which is then translated into a mutated protein that leads to disease.  
“Replication and translation are both deeply involved in Huntington disease. 
Replication is where the disease starts with the TNR expansion, then translation into 
a malformed protein that results in the disease.” 
The two CBL- students who stated incorrect responses did not provide enough 
detail to determine their understanding. Responses included, “DNA replication is 
involved in HD because it is a hereditary disease that can be passed on to offspring” and 
“any sort of mutation can give rise to disease.” 
3.4.4.2.4 CBL+ GROUP POSTTEST RESPONSES 
Thirteen students self-selected into the CBL+ group. On the posttest, three 
students in the CBL+ group provided scientific explanations. Nine students presented 
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scientific fragments, and one student presented an incorrect response. The students that 
presented scientific explanations discussed that most aspects of the Central Dogma were 
involved in HD. These students generally discussed that DNA polymerase slippage 
creates hairpin loops, which then creates the TNR and the repeats become incorporated 
into the DNA. Regarding protein structure, students described the addition of extra 
glutamines or formation of beta-sheets. The new structural additions cause protein 
fragmentation and aggregation. All students discussed neural toxicity within their 
responses. Two of the students related the beta-sheets and aggregation to neural toxicity. 
The remaining student stated that abnormal protein product creates a toxic gain-of-
function mutation. An example is as follows: 
“The process that are involved in Huntington disease are translation, DNA 
replication, and possible transcriptional regulation. During DNA replication, 
DNA polymerase slips off of the DNA template strand causing a hairpin loop that 
is incoorperated into the DNA causing triple nucleotide repeats. These regions 
are unstable and in the IR-15 gene are the cause of Huntington disease. It is 
speculated that these regions are worsened by DNA mismatch repair inaccurately 
correcting the error. This causes the repeat area to get even longer leading to 
earlier onset of worse symptoms of Huntington disease. When this area is 
translated as it is found in the exons, it produces proteins that have a different 
Beta-sheet that causes them to fragment and then come back together in huge 
groups. These groups are toxic to neural cells and could be the result of cognitive 
impairment in individuals with Hungtinton’s disease.” 
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Nine students in the CBL+ group presented scientific fragments within their 
responses. Three major themes appeared within scientific fragments: Inheritance and 
disease severity, excess glutamines, formation of hairpin loops. While three themes 
appeared, multiple themes appeared within individual responses. Students most 
commonly discussed that HD stems from TNR mutation, which increases with increases 
with transcription accumulates overtime.  
“Transcription and translation are definitely involved in Huntington’s disease. 
Huntington’s results from trinucleotide expansions, which can cause slippage and 
hairpin loops during transcription. These repeats can accumulate over time as 
more slippage occurs and the repeats are continuously transcribed/translated. 
When a certain threshold of repeats is reached, an individual is said to have 
Huntington disease. The more repeats present, the earlier the onset of 
Huntington’s.” 
Related to this topic, students also stated that severity also increases per generation in 
addition to disease progression within an individual.  
“The central dogma is involved in HD because as the person’s DNA is replicated, 
and as people with the disease reproduce, the more repeats there are in the DNA. 
These repeats are what is causing the problem in people with HD, so increasing 
the number of repeats just increases the severity of the disease.” 
Other students focused on the extra glutamines found within the mutant protein. 
Students described that the gene mutation is transcribed into RNA, which is then 
translation into a mutated protein with excess glutamine.  
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“DNA replication errors cause DNA slippage and the triplenucleotide repeats of 
the CAG section. Transcription creates the mRNA with these repeats present. This 
mRNA is then translated into protein that includes extra amino acids due to the 
repeats, which mess up the function of the protein and cause Huntington 
disease.”  
Lastly, students also frequently discussed hairpin loops within their responses and its 
relationship with TNR. One student described that the hairpin loop creates the TNR, 
which ultimately creates the gene expansion. 
“DNA replication is involved in Huntington’s disease due to a hairpin loop that 
forms and creates a trinucleotide repeat CAG in the DNA, and causes that region 
of the DNA to be longer than normal.” 
One student presented an incorrect statement that was false and too brief to evaluate, 
simply stating that mutation occurs during transcription. 
3.5 Discussion 
The first research question addressed in the current study was: How does working 
through a case study within a course context influence students’ understanding of the 
Central Dogma when comparing students who received the case study before class and 
those who receive the case study during class? This study found no significant 
differences in CDCI scores between the CBL- and CBL+ groups, which contrasts with 
literature that supports significant learning improvements in CBL (Anderson et al., 2005; 
Bonney, 2015; Hartfield, 2010). Insignificant differences may be attributed to two 
possible explanations:  1) whether students solve a case prior to class or not may not 
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significantly impact learning outcomes; or, 2) the CDCI did not align well with student 
learning outcomes.  
When comparing the CDCI assessment items with the codebook for the 
application question, it does not appear that the CDCI aligned well with students’ 
learning outcomes. While some overlap existed, it appears that the CDCI focused on the 
nuances within the Central Dogma. Students in this study tended to focus less on the 
nuances and instead approach the Central Dogma more systematically. Shared topics 
between the CDCI and student learning outcomes include Central Dogma processes 
related to inheritable mutation and Central Dogma processes related to non-functional 
protein product (Appendix 6). The differences in the assessment and learning outcomes 
may be due to differentiation. Differentiation, which creates different avenues to process 
information, allows a student to approach a problem that is relevant to them and aligns 
with their interests. Appendix 6 includes the comprehensive list of topics comparing 
learning outcomes of the CDCI and the case study. A challenge that emerged when 
employing activities that allow for differentiation is the difficulty in predicting 
appropriate assessments. In this case, open-response questions allowed for insights into 
how students construct scientific knowledge.  
It appears that this guided inquiry experience allowed for differentiation of 
concepts students chose to study in the context of the HD case. For example, some 
students tended to focus on topics such as inheritance and disease severity while others 
focused on protein structures. Consider the TNR code that was utilized when analyzing 
responses to the application question. Some students described TNR in relation to 
inheritance, such as passing the mutation to offspring and the number of repeats 
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associated with severity of HD symptoms. Other students described the downstream 
molecular consequences of TNS, such as gene expansion resulting in an unstable protein 
that aggregates. A benefit to activities that allow for differentiation provides students the 
opportunity to approach the topic from a perspective that interests them (Shulman, 2013; 
Tomlinson, 2000), which would increase learning motivation. Relevant learning 
experiences are created by creating a situated learning environment where students can 
approach the subject based on their interest. According to SCT, relevant learning 
experiences should improve self-efficacy and self-regulated learning (Bembenutty et al., 
2016). Motivation also tends to increase when students believe that the topics are relevant 
(Bonney et al., 2005). While the quantitative results for self-efficacy were not significant, 
an increase was observed.  
Significant learning gains have been reported in directed case studies, such as the 
one developed for this study, but how directed case studies are presented with regards to 
time may not be a major contributing factor to support students’ understanding. Timing 
did not improve case study performance over a course (Bonney, 2015). While Bonney 
(2015) observed that students that engaged with case studies outperformed those who did 
not, students’ performance did not improve throughout the course. There were no 
significant learning differences between the first and last case study (Bonney, 2015). This 
suggests that students’ learning outcomes do not improve as students gained experience 
solving case studies. Given that there were not significant learning differences between 
the first and last case in the study by Bonney (2015), this study considered the amount of 
time students had to read and analyze the case study before class discussion. Group 
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CBL+ had two sessions to analyze the case study while CBL- had only one shorter 
session in class.  
Prior to this case study, students were assessed on their foundational knowledge 
and application. It appears that students’ foundational knowledge remained the same 
prior to and after the case study. The students in the CBL- group initially presented 
scientific fragments and most students presented scientific fragments on the posttest. 
Students in the CBL+ group demonstrated similar trends. A greater percentage of CBL+ 
group students demonstrated scientific understanding and scientific fragments than were 
demonstrated in the CBL- group. 
 On the pretest foundational question, students within both groups provided a 
genotype definition and discussed phenotype as a reflection of gene expression. There 
was little discussion of a relationship between phenotype and proteins. In addition, 
students within the CBL+ group referenced disease as a phenotype. Both groups 
discussed the same concepts on their posttest responses. In support of their scored 
responses, it appears that overall, the students within both groups demonstrated 
foundational knowledge within their pre and posttest responses. 
Interestingly, while discussion about proteins and phenotype was limited within 
the CBL+ group, these students began discussing protein folding on their posttest 
responses. Students in the CBL- group did not discuss proteins within their posttest 
responses. The discussion of proteins was a primary distinction between the two groups. 
While this discussion of proteins remained relatively low within posttest responses in the 
CBL+ group, students began to discuss more advanced topics related to protein folding. 
Students within the CBL+ group that discussed proteins within their responses 
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understood that proteins are the product of gene expression and often discussed proteins 
in the context of mutations. Specifically, these students connected protein structure to 
disease and phenotype. While many students in the CBL+ group did not demonstrate 
changes within their foundational knowledge, it appears that the case study supports a 
subset of students in overcoming common Central Dogma concepts that students struggle 
to understand: genes function to produce proteins and protein interactions influence 
phenotype (Duncan & Reiser, 2007; Fisher, 1985; Lewis et al., 2004; Rotbain et al., 
2005; Saka et al., 2006, Todd & Kenyon, 2016).  
While many students consistently provided scientific fragments within their pre- 
and posttest foundational questions, open responses suggest that students in the CBL+ 
group were beginning to move towards expert-level genetics reasoning when considering 
the framework by Tsui and Treagust (2010) (Figure 6). According to Tsui and Treagust 
(2010), a student that is able to engage in expert-level genetics reasoning should connect 
that DNA sequence relates to the genotype and protein synthesis relates to phenotype 
(Tsui & Treagust, 2010). In addition to overcoming common misconceptions, students 
that discussed the relationship among disease, phenotype, and protein were demonstrating 
expert-level genetics reasoning.   
Students appeared to experience more growth with application of the Central 
Dogma to a clinical case. On the pretest and posttest, students in the CBL- group largely 
scored the same as their pretest scores, although one student scored lower on the posttest 
and one student scored higher on the posttest. A range of scores on the CBL+ group was 
observed on the pretest (scores 0-2; no response – scientific fragments), but students  
either presented a scientific fragment or scientific explanation on the posttest. On the 
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pretest, students in both groups tended to state that they don’t know how the Central 
Dogma and HD are related, but also suggested that mutations cause disease, protein 
errors, translation errors were involved. Students in the CBL- group also discussed 
mutations within the gene and the impact on phenotype. Students in the CBL+ group also 
discussed mutations causing disease and transcription, possibly indicating a better 
understanding on how more processes of the Central Dogma are involved.  
Both groups demonstrated growth with regards to reasoning. On the posttest 
responses, students in the CBL- group discussed replication, TNR, inheritance, and 
alternative proteins. Students in the CBL+ group also discussed alternative proteins and 
TNR, but they also focused on transcription, translation, and DNA slippage. These codes 
reflect the level of detail between the two groups. Posttest responses within the CBL- 
group remained vague and somehow connected TNRs to replication and inheritance. In 
contrast, responses from students in the CBL+ group were more detailed and 
sophisticated. Students in the CBL+ group also discussed TNR in relation to DNA 
slippage that creates hairpin loops and eventually creating TNRs, along with 
accumulation of TNRs by transcription. 
Discussion of proteins remained a trend within the CBL+ group for both the 
foundation and application question. Within application questions posttest responses, 
students in the CBL+ group presented more sophisticated responses when considering 
HD and the Central Dogma from a systematic perspective. While such responses were 
minimally presented, students in the CBL+ group connected proteins with downstream 
consequences, such as protein aggregation leading to neural toxicity. Students in the 
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CBL- group that also considered a system-thinking approached remained vague and 
generally discussed phenotype.  
It appeared that the CBL- group demonstrated learning gains, but also focused on 
replication and inheritance, while the CBL+ group demonstrated growth within the 
Central Dogma and refined their learning. It seems that both groups were moving toward 
expert-level reasoning through the discussion of proteins (Tsui and Treagust, 2010), but 
the CBL+ groups explicitly addressed more processes within the Central Dogma and 
provided more sophisticated detail. It has been previously reported that students struggle 
to associate phenotype with disease and understanding how proteins contribute to 
phenotype (i.e., Shaw et al., 2008). Students in the CBL+ group had a stronger tendency 
to connect protein structure with physiological effects, such as aggregation and neural 
toxicity.  
While it is difficult to make direct comparisons, students are moving towards 
expert level learning. Although, the CBL+ group may be developing expertise more 
quickly given the detail within responses compared to the CBL- group. It seems as if this 
case study provided minimal support in learning foundational knowledge, although some 
students may have refined their knowledge. Minimal differences in foundational 
understanding may be attributed to the fact that students were enrolled in an advanced 
genetics course with another genetics prerequisite course. Students may have established 
a strong foundation in the prerequisite course.  
Given the nature of the data, it is difficult to make direct comparisons between the 
two groups. However, this case study appeared to support the application of Central 
Dogma to HD, and it appears that students in the CBL+ group were able to provide more 
136 
 
detail within their explanations. Specifically, these students were able to connect proteins 
to disease phenotype and downstream consequences, such as protein aggregation and 
neural toxicity. A consideration that needs to be made is that the CBL+ group throughout 
the study seemed to have stronger prior knowledge, making it difficult to determine the 
full extent of their learning gains.  
The second research question within this study investigated self-efficacy: How 
does working through the case study affect students’ perceived self-efficacy of their 
understanding of the Central Dogma when comparing students who received the case 
study before class and those who receive the case study during class? Results with this 
study are inconsistent with the literature, which often reports improved self-efficacy 
(Bonney, 2015; Bruna et al., 2019; Hartfield, 2010; Klegeris & Hurren, 2011; Tarhan & 
Ayyildiz, 2015). Insignificant results may be attributed to two factors: 1) students 
demonstrated foundational knowledge prior to the case study and knowledge remained 
relatively consistent throughout the study; or 2) the case study questions were modeled 
from major topics within CDCI. As such, self-efficacy may not have improved as test 
scores did not improve, especially if the assessments did not align with their learning 
outcomes. Another possible factor was the relatively short time for the intervention. 
Other researchers have used case studies across a course rather than just one case study. 




3.6 Limitations  
As previously described in Chapter 2, the sample size is the primary limitation. 
Insignificant changes may be due to a small student population. For example, the changes 
in confidence were marginally insignificant. A previous study has demonstrated 
significant increased changed in confidence with the use of authentic real stories used for 
instructional purposes (Sharp et al., 2021). It is possible that a significant change in 
confidence could be observed if the sample size was larger. Furthermore, students were 
able to self-select into the CBL- and CBL+ groups, which the CBL+ group was roughly 
twice the size of the CBL- group.  
 Sample size also created difficulties in making direct comparisons between the 
CBL- groups. Instead, general trends to develop inferences between the two modes of 
implementations were made between the two groups. An additional limitation is that this 
study was conducted during the COVID-19 pandemic. The pandemic, as well as the 
online format of this class, which was different from how the teacher traditionally teaches 
the class, may also be a limitation of this study.  
 Lastly, given the responses on the students’ posttest, insignificant changes were 
unlikely observed as students’ learning outcome did not align with the assessment. The 
case study presented was a guided inquiry with open responses, which allows for 
differentiation. Students tended to focus on information and literature that does not 




It appears that the developed HD case study supported application between both 
groups rather than supporting foundational knowledge. Most literature in CBL focuses on 
motivation and exam score. This manuscript contributes to the body of literature by 
providing insights on how case studies can potentially construct scientific knowledge, 
despite the limitations of this study. Due to differentiation and gathering insight on how 
students construct knowledge, inductive coding was utilized. These results provide a 
foundation of the various perspectives on how students approach a problem related to the 
Central Dogma and HD, which can be used to serve as a foundation for additional 
assessments for open-inquiry experiences. Furthermore, this data will allow for the 












CHAPTER 4. INVESTIGATION ON HOW CASE STUDIES SUPPORT ARGUMENTATION 
4.1 Introduction 
Perceived irrelevance of biochemistry among undergraduate students and future 
physicians may have implications in practical critical thinking skills. Biochemistry is 
perceived as among the most irrelevant courses among medical students (Ebomoyi & 
Agoreyo, 2007; Watmough et al., 2009). Perceived irrelevance may be attributed to 
traditional course structure, which nearly 50% of undergraduate biochemistry courses are 
taught using lectures (Sharp et al., 2021). Course instructors too commonly assume that 
students are able to establish real-world connections on their own, but students require 
explicit examples. Lack of relevant connections, which are discussed within this 
manuscript, negatively impacts critical thinking (Facione, 1990).  
 Professional societies have expressed the need to improve critical thinking skills 
among STEM college graduates and future physicians in addition to teaching science 
using a system-level approach to support students in solving complex problems (AAMC-
HHMI, 2009; ACS, 2015; ASBMB, 2021; NRC, 2009), but a practical critical thinking 
assessment appears to be minimally discussed in the literature. Furthermore, the future 
physician should “…not only to read the medical and scientific literature of one’s 
discipline, but to examine it critically to achieve lifelong learning. These activities require 
knowledge and skills in critical analysis, statistical inference, and experimental design” 
(AAMC-HHMI, 2009, pg. 5). This perspective is shared by medical biochemistry 
educators in that a deep biochemical understanding is essential to work with patients with 
complex clinical problems (Fulton et al., 2012). Among these topics includes the Central 
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Dogma of Molecular Biology (Central Dogma throughout this manuscript), which is 
agreed upon among biochemistry educators (Hays et al., 2019).  
 A potential avenue to assessing critical thinking includes assessing students’ 
construction of scientific arguments, or argumentation. The objective of this study to 
determine how relevant experiences and real-world examples of the Central Dogma 
through case-based learning (CBL) can support argumentation among undergraduate 
students. Furthermore, this study seeks to identify how timing of a directed case study 
(i.e., students review the case study for the first time prior to class or in class) influences 
argumentation. The rationale of this study is that by measuring students’ argument 
construction, insight can be gathered on how presenting case studies to students can 
influence critical thinking skills. Furthermore, a practical assessment on measuring 
critical thinking through argumentation can be developed. A practical assessment can 
directly address the needs established by professional scientific societies (AAMC-HHMI, 
2009; ACS, 2015; ASBMB, 2021; NRC, 2009). 
 To begin the development of a practical critical thinking assessment that utilizes 
argumentation, this study sought to investigate the following research questions: 
1. When comparing students who were given the case study prior to class discussion 
and students who received the case study during class discussion, what are trends 
in argument construction among students interacting with a case of the Central 
Dogma? 
2. How does timing of students’ analysis of the case study affect their use of Central 




Biochemistry students experience difficulty identifying relevance and real-world 
applications, which is especially true when describing real-world applications of the 
Central Dogma of Molecular Biology. Difficulty establishing real-world connections may 
be attributed to the significant use of lectures while teaching biochemistry in university 
classrooms. Students require explicit examples to make real-world connections 
(McDermott, 2001), however, there may be minimal real-world contexts in university 
biochemistry courses (Sharp et al., 2020). Fourteen and three-tenths percent (14.3%) of 
biochemistry courses (n = 6) reported real-world connections, but 7.1% (n = 3) reported 
assignments to support such connections. Heeding the call by professional societies to 
develop new curricula, this study explores how CBL and situated learning can improve 
biochemistry curricula.  
Situated learning and social cognitive theory explain the potential positive impact 
of case- and problem- based learning (CBL and PrBL, respectively) on critical thinking in 
university biochemistry classrooms (Goeden et al., 2015).  Situated learning is a learning 
context that is relevant to students (Lunce, 2006). Furthermore, argumentation is a skill 
utilized within critical thinking (Facione, 1990). Relevant learning experiences created by 
situated learning can support critical thinking, which can potentially be measured using 
argumentation. Situating students in relevant learning contexts should support self-
regulated learning (Bembenutty et al., 2016), which is a critical thinking skill (Facione, 
1990). Before embarking on a discussion on timing of case study presentation on 
argumentation, the following sections discuss an overview of critical thinking and 
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argumentation literature in undergraduate chemistry, biology, and biochemistry 
education.  
4.2.1 Overview of Critical Thinking and Argumentation 
Critical thinking and argumentation share strong similarities. When considering 
the critical thinking as outlined in the Delphi Report, argumentation is a component of 
the following critical thinking subskills: analysis, evaluation, and explanation (Facione, 
1990). The Delphi Report is consistent with Ennis and Siegal, who stated that 
argumentation is a critical thinking skill (Ennis, 1987; Jiménez-Aleixandre & Puig, 2012; 
Siegel, 1988). Kuhn described critical thinking as a reasoned argument, which agrees 
with Facione’s idea that argumentation is the outward expression of critical thinking 
(Facione, 1984; Jiménez-Aleixandre & Puig, 2012; Kuhn, 1991). Perhaps the most 
substantial similarity between critical thinking and argumentation is the shared reasoning 
component. Both critical thinking and argumentation require evaluation of evidence and 
connecting data and claims just justifying results (Facione, 1990; Toulmin, 2003). 
Further, both critical thinking and argumentation require the development of rebuttals and 
counterarguments when analyzing evidence (Facione, 1990; Kuhn, 1991; Toulmin, 
2003). The sharing of analysis, evaluation, inference, and explanation between critical 
thinking and argumentation may contribute to the idea that critical thinking and 
argumentation are identical concepts (Facione, 1990; Kuhn, 1991; Toulmin, 2003). 
 While critical thinking and argumentation have shared skills, context plays a role 
in the processes. Critical thinking and argumentation are context independent. For 
example, Toulmin’s argumentation components can be found in any argument, regardless 
of discipline. Aspects of Toulmin’s argument that is context-specific include what counts 
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as a data claim or a warrant (Jiménez‐Aleixandre et al., 2000). Evaluation and reasoning 
are transferable skills but require discipline-specific knowledge. While the argument 
structure is consistent among all disciplines, the evaluation and reasoning process is 
dependent on the field of study (Jiménez‐Aleixandre et al., 2000). 
Differences between critical thinking and argumentation begin to emerge when 
considering the assessment of the two concepts. Traditionally, the California Critical 
Thinking Skills Test (CCTST), which is not a domain-specific measure and does consider 
context-specific reasoning, is among the most utilized assessments (Facione, 1991). 
Differences in assessments include CCTST measuring skills while argumentation 
measures the reasoning process with qualitative measures (i.e., Facione, 1991; McNeill et 
al., 2006; Sampson et al., 2009).  
  Differences in critical thinking and argumentation also emerge concerning the 
focus and scope of studies. Critical thinking tends to be focused on critical thinking 
outcomes, whether or not students have developed the skills rather than the reasoning 
processes, and how students engage in critical thinking skills. For example, Goeden et al. 
(2015) measured critical thinking outcomes after implementing CBL, but not the 
processes of solving the case. Similarly, Quitadamo and Kurtz (2007) implemented 
writing instruction into the curriculum and measured critical thinking outcomes using the 
CCTST. Research in argumentation emphasizes the reasoning process and how students 
reason when in a problem-solving situation or traditionally structured college course. For 
example, students in a traditional university setting engaged in argumentation when given 
relevant problems, but provided weak casual statements (Zagallo et al., 2016; Walker et 
al., 2019). Assessing students’ explanations can potentially identify areas where 
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misconceptions exist. Interestingly, argumentation has not been a focus within critical 
thinking research in science education, considering that critical thinking is reflective 
thinking. 
  Despite the close relatedness of critical thinking and argumentation, the two 
disciplines differ in research focus and measurements. Critical thinking and 
argumentation are similar in that they both require a reflective and evaluative reasoning 
component but differ in assessment. Critical thinking tends to focus on quantitative 
assessments, such as the California Critical Thinking Skills Test, while argumentation 
tends to focus on qualitative assessments.   
4.2.2 Critical Thinking in Biochemistry Education  
In response to the calls to improve critical thinking in chemistry and biochemistry 
education (ACS, 2015; ASBMB, 2021), various pedagogical strategies in biochemistry 
classrooms are emerging to support critical thinking. Strategies include collaboration 
with peers and utilizing a written assessment to support critical thinking development. A 
common trend also includes the use of CBL and PrBL to promote critical thinking. 
Among these trends, writing and CBL support critical thinking development.  
4.2.2.1 Collaboration and Peer Interaction to Support Critical 
Thinking  
Activities within university classrooms facilitate peer interaction to increase 
students’ perceived critical thinking skills and course learning outcomes. Role-playing 
and debates during PrBL small group discussions among undergraduate medical students 
enrolled in biochemistry and molecular biology-related courses resulted in students’ 
perceived improvement in critical thinking and communication skills, and students 
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perceived role-playing activities as an effective strategy for integrating clinical and basic 
science knowledge into real-life experiences (Latif et al., 2018). Students reported that 
debates were useful in finding new ways of thinking (Latif et al., 2018).   
Similarly, peer collaboration improves biochemical learning outcomes. In a study 
completed by Srougi et al. (2013), the researchers noticed an increase in student 
enrollment, which created difficulty providing assessments to support critical thinking 
development (i.e., individual take-home exams with questions to promote critical 
thinking). To continue fostering critical thinking skills development in a large university 
classroom, Srougi et al. (2013) implemented collaborative exams with PrBL questions 
while lightening the grading load. Students worked in groups on take-home exams, then 
had an individual in-class multiple-choice exam within this novel exam format. Within 
the molecular biotechnology course, which focused on DNA modification and gene 
expression, students working in teams outperformed those who took take-home exams 
individually and during the in-class exams. Students reported that working in teams 
supported their learning (Srougi et al., 2013). 
4.2.2.2 Supporting Critical Thinking with Writing Activities  
Scientific writing may be a practical method to measure critical thinking in 
biochemistry (and science education in general) because it can scaffold students’ critical 
thinking process during a PrBL unit. Cowden and Santiago (2016) implemented a PrBL 
unit in a senior-level biochemistry course called Proteins and Nucleic Acids, which 
focused on molecular biology and medical sciences. This course attracts students with 
diverse interests such as chemistry, medicine, microbiology, biochemistry, and 
biophysics. The PrBL unit’s objectives include teaching students to 1) understand the 
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interdisciplinary nature of scientific research; 2) seek peer-reviewed sources to answer 
research questions and justify the necessity of the resources; 3) and determine the 
relationship between past and future research. Student groups selected a problem related 
to research in various disciplines, such as medicine. Upon receiving the question, 
students had to identify the problem and develop a research strategy to answer from peer-
reviewed literature. At the end of the problem-based unit, students had to report the 
topic’s relevance, a utilized research strategy (i.e., search terms and databases), and how 
they evaluated their results. Cowden and Santiago (2016) emphasized the methods 
section to support self-evaluation processes in their laboratory reports. Findings from 
Cowden and Santiago (2016) included a two-fold increase of peer-reviewed references 
compared to lab reports from a traditional laboratory. Additionally, an overwhelmingly 
majority of the class understood the importance of literature reviews (92% of students) 
and a vast majority believed PrBL had facilitated their understanding (Cowden & 
Santiago, 2016).  
Cowden and Santiago’s (2016) study suggests that problem solving with literature 
searches and writing laboratory reports can support critical thinking skills in biochemistry 
education. Studies in related scientific disciplines have demonstrated a positive 
relationship between writing and critical thinking skills. Dowd et al. (2018), invested the 
relationship between critical thinking skills and undergraduate thesis writers. Dowd et al. 
(2018) developed a rubric known as BioTAP to support critical thinking among thesis 
writers; they concluded a modest positive relationship between BioTAP scores and 
critical thinking. Quitadamo and Kurtz (2007) implemented a study to determine if 
writing could improve critical thinking in general biology education by providing writing 
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instruction in a traditional lecture. Critical thinking improved with collaborative essays 
(Quitadamo & Kurtz, 2007). In both studies, the California Critical Thinking Skills Test 
(CCTST) provided critical thinking feedback (Dowd et al., 2018; Quitadamo & Kurtz, 
2007). 
Cowden and Santiago (2016) and Quitadamo and Kurtz (2007) demonstrated 
positive relationships among critical thinking skills, writing, and collaborative efforts. 
Collaborative efforts and writing support the idea that critical thinking is a social activity 
that requires various perspectives (Cowden & Santiago, 2016; Facione, 1990; Kuhn, 
1991; Quitadamo & Kurtz, 2007; Srougi et al., 2013). Writin1g, especially when done in 
student groups, can be a measure of critical thinking skills.  
4.2.2.3 Case-Based Learning Improves Critical Thinking 
With recommending student-centered strategies in university classrooms (ACS, 
2015; ASBMB, 2021), CBL is becoming popular in biochemistry education. 
Additionally, the New Biology Initiative recommends similar strategies to solve current 
real-world problems (NRC, 2009). Studies in biochemistry demonstrate that CBL is 
associated with improving critical thinking skills by students engaging in data analysis. 
CBL improves learning outcomes, such as addressing misconceptions. 
 CBL has been demonstrated to support misconceptions with biochemistry-related 
topics, such a cellular respiration. While solving a real-life medical case, students 
participating in CBL achieved significantly higher learning gains on posttest scores 
assessing important molecules, cellular organelles, and cellular respiration processes. 
Furthermore, CBL supported students in addressing common misconceptions related to 
cellular respiration. Data analysis questions measured critical thinking and problem-
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solving skills, such as providing patient data with the amount of ATP produced in 
glycolysis, the amount of ATP produced in the Krebs Cycle, and concentrations of 
glucose and NAD+. Students observed average values and developed a conclusion about 
cellular respiration in the patient’s heart cells. This type of question requires 
understanding the normal function of biochemical pathways and how they are 
interconnected, in which CBL students outperformed learners in traditional instruction 
(Rybarczyk et al., 2007).  
 Rybarczyk et al. (2007) did not measure critical thinking. Instead, skills 
associated with critical thinking were measured and demonstrated positive learning 
outcomes. Goeden et al. (2015) implemented CBL in a freshman-level biochemistry 
course for allied health students in biochemistry. The study compared critical thinking 
skills and content learning outcomes of CBL and traditional instruction learners. CBL 
was integrated into traditional lectures using an interrupted case format or separating a 
case over several class meeting times throughout a semester. Critical thinking and 
learning outcomes were measured using the CCTST and the ACS General-Organic-
Biochemistry Examination (biochemistry portion only). Critical thinking skills and 
content knowledge of CBL learners significantly improved (Goeden et al., 2015). The 
findings of Goeden et al. (2015) are consistent with results from a study in general 
biology education that demonstrates that CBL supports the development of critical 
thinking skills (Quitadamo et al., 2008). 
4.2.3 Argumentation in Biochemistry Education  
 The New Biology Initiative, which served at the foundation for the AAAS Vision 
and Change scientific competencies, discusses the importance of biology research to 
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solve current societal problems, (AAAS, 2011; NRC, 2009). Apart from this effort is 
communicating scientific information with the general public about how scientists are 
attempting to solve current societal problems, which requires argumentation skills 
(Duschl & Osborne, 2002). Argumentation and critical thinking are an emerging area of 
research in undergraduate and professional education. Argumentation in biochemistry is 
an emerging research area, and minimal literature exists but appears to be following 
trends in general biology, chemistry, and medical education. Biochemistry has a durable 
interdisciplinary nature, and literature was reviewed in chemistry, biology, and medicine 
to identify any potential parallels. A review of the literature indicates the role of scientific 
knowledge and relevant learning experiences to support argumentation. 
4.2.3.1 Brief Overview of Toulmin’s Uses of Arguments 
Stephen Toulmin proposed an argumentation model that is commonly utilized in 
science education (i.e., McNeill et al., 2006). According to Toulmin, an argument is 
initiated when someone presents data (D) to support a conclusion (C; also known as a 
claim). Data and claims are connected by a warrant (W), which is a statement that 
describes the relationship between data and claims (Figure 7). While the model presented 
by Toulmin begins with data, results presented within this study demonstrate how 
argumentation can begin with a claim. Often, warrants are hypothetical statements 
(Toulmin, 2003). Arguments may also include qualifiers and backing, which provides 
clarification (Toulmin, 2003), but qualifiers and backing are not a focus within the 




Figure 7. Toulmin’s Argumentation Model 
Image modified with permission from Toulmin, 2003. 
 
4.2.3.2 In-Depth Scientific Knowledge Facilitates 
Argumentation  
It appears that the relationship between the depth of biochemistry content 
knowledge and argumentation further requires investigation, but argumentation literature 
in chemistry education provides insight into this relationship and the implications in 
medical education. An occurring theme in chemistry education literature includes 
students experiencing difficulty when developing or modifying claims, which is 
consistent in K12 science education (Bodé et al., 2019; Novak & Treagust, 2018; Walker 
et al., 2019). Walker et al. (2019) implemented guided inquiry in standard labs and 
observed students’ arguments. Chemistry students struggled to modify claims after 
students were presented contradictory data. Findings of Walker et al. (2019) suggested 
that arguments tended to include superficial information because students struggled to 
integrate underlying theories (Walker et al., 2019). 
Furthermore, students also state linear arguments that connect a single cause to a 
single effect on organic chemistry exams in a traditional lecture (Bodé et al., 2019. Linear 
arguments are consistent with trends in genetics education, such as a single gene is 
connected to a single trait or a single mutation is associated with a single disease (Shaw 
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et al., 2008). Additionally, students may be able to state that a genotype is associated with 
a phenotype, such as a disease, but cannot provide mechanic or multicomponent 
reasoning (Southard et al. 2016).  
The studies completed by Walker et al. (2019) and Bodé et al. (2019) occurred in 
either a standardized laboratory or traditional lecture that may not have been meaningful 
to students. Relevance is an essentialcritical thinking component, and students may have 
relied on learning strategies that do not require critical thinking (i.e., memorization), 
resulting in surface-level knowledge (Facione, 1990). Lack of meaningful experiences 
may prevent deep-level learning and argumentation. 
If students lack opportunities to develop critical thinking skills through 
argumentation to develop a deep understanding of content, they may have difficulty 
engaging in argumentation in medical education. A study by Ju et al. (2017) analyzed 
arguments during PrBL small group discussions with first-year medical students. 
Arguments were analyzed using a modified Toulmin’s argumentation model, measuring 
arguments per phase of the reasoning process between basic and clinical sciences: 
problem framing, forming hypothesis, inquiry, data analysis, diagnostic decision, and 
therapeutic decision. Throughout the study, various types of argument construction were 
observed, such as arguments that only consisted of a claim, excluded data and warrants, 
or consisted of data or warrants without a claim (Ju et al., 2017). Medical students may 
lack skills in data analysis and hypothesis testing (Ju et al., 2017). In this context, 
students are solving medical cases and should have a meaningful learning experience. 
However, teaching strategies that hinder deep learning before medical education may 
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have resulted in medical students not having prior experiences of engaging in 
argumentation. 
Many students that are accepted into medical programs also have learned to be 
very successful in school where they were taught through lecture and other direct 
instruction approaches. They have been successful learning in the direct-instruction 
format and often struggle, at least initially, to learn through student-centered approaches. 
Whereas students from underrepresented populations often perform better through 
student-centered approaches, particularly when they were not doing well through direct 
instruction. 
4.2.3.3 Real-World Connections support Argumentation in 
Biochemistry Education  
Similar to Bodé et al. (2019) and Walker et al. (2019), traditional biochemistry 
course structures may have implications on argumentation and may play a role in 
frequent memorization (Olimpo et al., 2017; Sharp et al., 2020). For example, literature 
in biochemistry education indicates that undergraduate students rely on cues within 
questions to solve problems or they may experience difficulty when engaging in 
problems that require mechanistic or spatial reasoning, which researchers have attributed 
to lack of relevant experiences (i.e., Olimpo et al., 2017).  
Zagallo et al. describe the benefits of relevant learning experiences and their 
influence on argumentation (2016). Biochemistry problem sets from peer-reviewed 
literature in a Cell and Developmental Biology course at the University of Arizona 
created an authentic learning experience (Zagallo et al., 2016). A model visual 
representation from peer-reviewed journals became a phenomenon observed by students. 
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Students had to explain the phenomena using the journal images, such as visual 
presentations to describe genetic factors within melanoma (Zagallo et al., 2016). The 
study determined strategies students used to solve the problems, and students engaged in 
spontaneous argumentation. Literature reports that students typically require scaffolding 
to engage in argumentation, consistent in both K12 and higher education (Novak & 
Treagust, 2018). The students enrolled in the Cell and Developmental Biology course had 
identified themselves as biology-related majors or studying pre-medicine. However, the 
authors did not consider the potential influence of the intended career trajectories of the 
students. This activity may have appealed to future basic science researchers and 
physicians by connecting science to health connections, such as melanoma. This activity 
may have created a relevant learning experience, which may support critical thinking 
expressed by argumentation (Facione, 1984; Facione, 1990; Zagallo et al., 2016). 
Furthermore, the authors did not investigate how authentic experiences can potentially 
serve as a form of scaffolding to support argumentation.  
Biochemistry and argumentation seem to diverge from other branches of science 
education that use concept maps (Si et al., 2019). A study completed by Briggs et al. 
(2016) implemented concept maps in a college genetics course. The course consisted of a 
traditional lecture with discussion, group activities, and an inquiry-based lab. Students 
created genetics concept maps, which served as a pretest and posttest assessment. The 
maps had increased validity, complexity, and a third of students experienced learning 
gains between the two assessments. 
Likewise, in medical education, Baig et al. (2016) implemented concept maps in a 
medical biochemistry course to help students with problem-solving in a content-heavy 
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course. Concept maps replaced lectures while students studied carbohydrate metabolism. 
At the end of the unit, students completed a test with problem-solving questions. 
Compared to students enrolled in traditional lectures, students who completed concept 
maps received higher scores. Students’ surveys reported that completing concept maps 
instead of lectures added depth to understanding, increased motivation to learn, assisted 
in establishing connections, facilitated self-assessment, and promoted active learning.  
In a similar study, Surapaneni and Tekian (2013) observed students experiencing 
difficulty connecting clinical biochemistry concepts/processes to medicine, despite 
students engaging in a CBL environment; they implemented concept mapping to address 
this issue while solving clinical cases in biochemistry with undergraduate medical 
students. Students in CBL instruction outperformed those in traditional instruction. 
Students reported deep and meaningful learning experiences. A critique of this study is 
that the authors did not report how students connected biochemistry to clinical sciences 
or provide details of group activities. 
Concept maps potentially support complex arguments while problem-solving. 
Science education typically emphasizes a single hypothesis; argumentation in medical 
education recognizes the development of multiple simultaneous hypotheses. While 
diagnosing a patient, physicians must develop several hypotheses, decide which 
information is relevant, and justify hypotheses based on presented information. These 
skills require argumentation; thus, argumentation is crucial for clinical reasoning 
processes (Si et al., 2019). Concept maps following the argument structure outlined by 
Toulmin (2003) in medical education have demonstrated support for argumentation 
during problem-based learning by visualizing arguments. The quality of arguments 
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increased between the pretest and posttest assessments by students who individually 
solved a case similar to cases implemented during PrBL sessions (Si et al., 2019). The 
argument quality significantly improved in all areas except rebuttals, as outlined in 
Toulmin’s argument theory (Si et al., 2019). Concept maps have been used in 
undergraduate genetics education but have potential application to help students visualize 
how biochemistry is relevant to societal issues, such as health.   
Case studies can situate students’ thinking so they apply biochemistry and the 
Central Dogma while diagnosing a patient. Concept maps, such as those utilized by Si et 
al. (2019), can potentially support argumentation while solving a case study. The use of 
concept maps to support argumentation is explored in the discussion of this chapter.  
4.3 Methods 
4.3.1 Course Context and Participants 
Course context and participants are described in Chapter 3. Briefly, this study was 
implemented during a Human Genetics course (BIO 405) at a large southern Research I 
university during the Spring 2021 semester. This course consisted of three case studies 
integrated into a lecture-style course. All case studies consisted of readings prior to class. 
Typically, readings include review articles. Students solved the case and answered guided 
questions during a single class meeting time. During class, students worked in small 
group discussions to solve the case study, then participated in a large group discussion. 
To conform to the University COVID-19 guidelines, this course was offered in an online 
format where students met synchronously for twenty minutes via Zoom. In a typical 
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course, each group is assigned a question for which they prepare a short presentation for 
large group discussion facilitated by the course instructor.  
Student population demographic information was presented in Chapter 1. Six 
students self-selected into the CBL- group and thirteen students self-selected into the 
CBL+ group.  
4.3.2 Intervention 
Course context and participants are described in Chapter 3. Students completed a 
case study about a child diagnosed with Huntington Disease. The case study was a part of 
the course content and all students participated in the case study, but data were collected 
only from consenting students.  
Students were given a choice of completing one of two tasks for homework prior 
to the in-class discussion: (1) solving the HD case or (2) completing questions about the 
Central Dogma that did not relate to HD. Student could earn up to two extra credit points 
added to their overall grade if they completed the optional homework and both surveys.  
Student had five days to complete their selected assignment. Consenting students 
who solved the case study in advance self-selected into the CBL+ group and consenting 
students who completed the problem sets self-selected into the CBL- group. If students 
provided consent to use their responses for research (specifically small group discussion 
recordings) but did not complete either assignment, were considered self-selected into the 
CBL- group. Upon completion of case study activities, students completed a posttest. 
Discussion groups consisted of approximately six students. On the day of the in-class 
discussion, students were placed in groups of approximately six students and assigned to 
a breakout room in Zoom. Following the questions provided to the HD case study, 
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students were assigned a question and were given 20 minutes to discuss the question. 
Students were told to focus on their assigned question and answer additional questions as 
time permitted. At the end of the allotted time, students met as a whole group via Zoom. 
4.3.3 Data Collection 
Data collection is described in Chapter 3. Briefly, each test consisted of the 
following components: 1) the Central Dogma Concept Inventory (CDCI), 2) two open-
response tasks, and 3) a self-efficacy survey. These components were combined into one 
assessment to reduce the number of assessments students were asked to complete. In 
other words, the components were combined so that students were taking one assessment 
instead of three smaller ones to improve the response rate.  
 After students completed the pretest prior to class in which the case was to be 
discussed, both groups were assigned preliminary activities to prepare for the discussion. 
Both groups reviewed three articles, a video demonstrating DNA slippage and 
incorporation of trinucleotides into the RNA, and the original medical report that served 
as the foundation for intervention. In addition to the original medical report, students read 
the original article about the chorea observed in HD by George Huntington (Huntington, 
1872) and the original article that first reported the gene expansion in HTT by 
MacDonald et al. (1993).  
 Students read through the case study as a large group (entire class), and then 
students were assigned to a breakout room. The case study consisted of seven questions, 
but students assigned to the CBL- and CBL+ breakout rooms were assigned the same 
questions so that direct comparisons could be developed during the analysis. After small 
group discussion, the group reconvened, and each group discussed their findings. No data 
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were recorded during the large group discussion as not all students provided consent. 
Field notes were collected from the CBL+ small group discussion and large group 
discussion, but transcribed audio recordings were utilized during analysis.  
Data analyzed in this manuscript were collected from in-class small group 
discussions; the discussions of the CBL+ and CBL- groups were recorded via Zoom. 
Students within their respective groups worked together to develop a response to the 
following questions: Research the processes of transcription, transcriptional regulation, 
and translation in relation to TNR. Which process(s) explain what happened in the 
processes that leads to Huntington disease? How are the process(s) effected and differ 
from DNA replication, transcription, translation, and/or transcriptional regulating under 
normal conditions? Provide detail and evidence for your reasoning. 
 Among the content portion of the pretest and posttest, students had to answer 
similar questions: Think about the Central Dogma and Huntington disease. Which 
processes within the Central Dogma are involved in Huntington disease? How are they 
involved in Huntington disease?  
4.3.4 Analysis of Discussion and Open Response Tasks 
A two-tiered coding system was used to analyze small group discussions and 
open-response tasks, similar to Jiménez‐Aleixandre et al. (2000). Analysis of open-
response tasks were completed in two major steps, or a two-tier coding system: 1) 
determining argument structure (i.e., if students are constructing data, warrants, and 
claims); and 2) analyzing how students apply content within their arguments. Separating 
the coding process allows for evaluation of argumentation from context independent and 
context dependent perspectives. Argumentation structure and components can be found 
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in any argument, regardless of discipline. Aspects of argumentation that are context-
specific include what counts as data claim, or a warrant, in addition to the evaluation 
process (Jiménez‐Aleixandre et al., 2000). 
 The first coding tier provided data for the first research question: When 
comparing students who were given the case study prior to class discussion and students 
who received the case study during class discussion, what are trends in argument 
construction among students interacting with a case of the Central Dogma? The 
objective of this research question was to determine how homework prior to class 
discussion supports the overall argument construction in a context independent manner. 
The rationale for this tier of coding was that understanding the foundation of students’ 
arguments can provide insight on how students interact with information. For example, 
the application of Toulmin’s Uses of Argument with Medical Students was applied to 
medical students in a study completed by Ju et al. (2017). By applying Toulmin’s model 
in various contexts related to medicine, that study was able to suggest that medical 
students may lack skills in data analysis and hypothesis testing (Ju et al., 2017). 
 Each discussion and open response tasks was coded so that the Toulmin argument 
(Toulmin, 2003) was mapped using the following codes: claim, warrant, and data. A 
Claim code was used to identify the main assertion or argument. Data was defined as 
evidence or information that validate the claim. The warrant code was used to identify 
statements or assumptions that validate the claim (Appendix 7). 
The second-tier coding was utilized to address the second research question: How 
does timing of students’ analysis of the case study affect their use of Central Dogma in 
argument construction, with a particular interest in warrants? The second-tier coding 
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system allows for context dependent analysis, such as what counts as claim, data, 
warrant, or how context is used in evaluation (Jiménez‐Aleixandre et al., 2000). Codes 
within the second-tier analysis were used to tease out differences and depth of 
understanding between the CBL+ and CBL- groups and allowed for observation about 
what each group identified as a claim and what data was required to support that claim. 
Furthermore, the second-tier analysis allowed for analysis of observations of how 
students used warrants to connect their claims and data.  
 Once arguments were deconstructed into the respective parts of the Toulmin 
argument, individual components for all responses and the discussion were coded to 
determine how students were using content to construct arguments. Codes for the second-
tier coding were developed using grounded theory, but codes from the posttest open 
response codebook in Chapter 2 were heavily utilized. After arguments were broken 
down into their respective counterparts, open coding was completed for all claims, data, 
and warrants. Focused codes were utilized for final codes, found within Appendix 7 
(Corbin & Strauss, 1990; Saldaña, 2016). 
For each tier of coding, two coders engaged in cyclic coding until an interrater of 
80% was obtained. Once interrater reliability was established, the coders discussed 
disagreements until reaching a consensus. Interrater reliability was established for the 
entire data set for tier one codes (discussion and open-response). Interrater reliability for 




Findings are presented in two major categories to represent each research question 
and the respective coding in the two-tier system. First-tier codes are presented in the 
section Trends in Argument Construction, which addresses the first research question: 
When comparing students who were given the case study prior to class discussion and 
students who received the case study during class discussion, what are trends in 
argument construction among students interacting with a case of the Central Dogma? 
The objective of this research question was to analyze argument from the context-
independent perspective to understand how situated learning experiences influence 
overall argumentation structure. 
Second-tier codes are presented in the section Application of Content Knowledge 
to Construct Arguments and utilized to answer the following research question: How does 
timing of students’ analysis of the case study affect their use of Central Dogma in 
argument construction, with a particular interest in warrants? The analysis of the second 
research question builds upon the first question by narrowing the focus to look at 
argumentation from a context-dependent manner. This question was constructed to 
provide insight on what students believe counts as a claim, data, and warrant. This data 
details how students used underlying theory to support argument construction as 
observed in the first research question. Second-tier codes are presented in the section 
Application of Content Knowledge to Construct Arguments to answer the following 
research question: How does timing of students’ analysis of the case study affect their use 
of Central Dogma in argument construction, with a particular interest in warrants? The 
analysis of the second research question builds upon the first question by narrowing the 
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focus to look at argumentation from a context-dependent manner. This question was 
constructed to provide insight on what students believe counts as a claim, data, and 
warrant. This data details how students used underlying theory to support argument 
construction as observed in the first research question. 
4.4.1 Trends in Argument Construction 
Findings within this section address the following research question: When 
comparing students who were given the case study prior to class discussion and students 
who received the case study during class discussion, what are trends in argument 
construction among students interacting with a case of the Central Dogma? 
4.4.1.1 Small Group Class Discussion 
Students in the CBL- group engaged in minimal conversation for the duration of 
the group discussion and no instances of argumentation were observed. Within the CBL+ 
group discussion, a total of 29 instances of argumentation were observed. The majority of 
argumentation instances included data (16 instances, 55.2%), which was followed by nine 
instances of claims (31.0%) and four instances of warrants (13.8%). Each group was 
provided approximately twenty minutes for discussion. The CBL+ utilized the entirety of 
their discussion time, but the CBL- group engaged in minimal conversation.  
4.4.1.2 Pretest and Posttest Open Response Tasks 
Students responded to the following questions on their pretests and posttests: 
Think about the Central Dogma and Huntington disease. Which processes within the 
Central Dogma are involved in Huntington disease? How are they involved in 
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Huntington disease? When observing trends in argument construction, it appears that 
both groups demonstrated gains. 
4.4.1.2.1 CBL- GROUP PRETEST 
The CBL- group began with weak argument construction. Among six students, 
the following were observed: one claim, five instances of data, and one warrant. The 
single claim was not supported with data or a warrant. The single warrant was supported 
by data, but no claim. The remaining pieces of data did not have a claim or warrant 
(Table 23).  
Table 24. Examples of Pretest Argument Construction within the CBL- Group 
Argument Code 
I am not for sure on HD, my guess would be the translation. Claim 
I’m not sure which part of the central dogma is involved in Huntington’s 
disease. I know that occurs later in life, and it likely deals with the 
ineffective production of proteins in some capacity. 
Data 
Huntington Disease is a disease caused by gene mutation Data 
resulting in a non-functional phenotype Claim 
which relates perfectly to the central dogma.  Warrant 
 
4.4.1.2.2 CBL+ GROUP PRETEST  
The pretest consisted of six claims, nine pieces of data, and six warrants. Among 
thirteen students, four participants provided complete arguments on their pretest 
responses. Two students provided data without a claim or warrant. One student provided 
a claim and data without a warrant. Four students did not provide a claim, data, or 




Table 25. Examples of Pretest Argument Construction within the CBL+ Group  
Argument Code 
Huntington’s disease is caused by errors in DNA replication Claim 
when a specific repetitive region of the genome is incorrectly replicated. 
Extra repeats are added. 
Data 
Because the DNA is incorrect, the wrong RNA and protein will be 
synthesized because of a cascade effect.  
Warrant 
A certain genotype causes a protein to be formed incorrectly Data 
so that it doesn’t function properly. This causes Huntington’s disease. Warrant 
Replication is involved in Huntington’s Claim 
as a result of improper segregation of chromosomes during meiosis.   Warrant 
 
4.4.1.2.3 CBL- GROUP POSTTEST 
On posttest responses, argument construction became more sophisticated and a 
total of 16 instances of argumentation were observed: six claims, six instances of data, 
and four warrants. Among six students, four of the participants constructed complete 
arguments. One student even completed an argument with multiple claims. Among the 
two students that did not provide a complete argument, only one provided claim and data 
without a warrant. The other student provided data without a claim or a warrant (Table 
25). 
 
Table 26. Examples of Posttest Argument Construction within the CBL- Group 
Argument Code 
Several aspects of the Central Dogma are involved in Huntington disease. Claim 
Huntington disease can be caused by errors in DNA replication of the 
germline cell, causing a trinucleotide repeat expansion to occur. This 
trinucleotide expansion then becomes heritable as a dominant gene. 
Data 
 
This mutant gene causes the creation of mutant Huntingtin, a protein that can 
cause severe damage in the cells of the body, especially nerve cells. 
Warrant 
In addition to this mutant protein, Huntington disease can have adverse 
effects on protein folding in chaperonins, and other effects on normal protein 
function within the cell. 
Claim 
A gene is mutated by and expansion of a trinucleotide repeat. Data 
This causes the protein not to work and to form aggregates that are toxic.  Claim 
DNA replication is involved in HD Claim 
because it is a hereditary disease that can be passed on to offspring Data 
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4.4.1.2.4 CBL+ GROUP POSTTEST 
The CBL+ group also demonstrated growth in argument construction. The 
following were observed on their posttest responses: fifteen claims, eighteen instances of 
data, and fourteen warrants. Nine students provided complete arguments (a single claim, 
data, and warrant). One student did not provide a complete argument because it lacked a 
warrant. There were three instances where students increased the complexity of the 
argument (Table 26): 
1. An argument with a claim supported by three pieces of data and three warrants.  
2. An argument with three claims supported by three pieces of data, which was 
connected by a single warrant.  
3. An argument with two claims supported by two pieces of data, which was 




Table 27. Examples of Posttest Argument Construction within the CBL+ Group 
Argument Code 
The process that are involved in 
Huntington disease are translation, DNA 
replication, and possible transcriptional 
regulation. 
Claim 
During DNA replication, DNA 
polymerase slips off of the DNA template 
strand causing a hairpin loop that is 
incoorperated into the DNA causing triple 
nucleotide repeats. 
Data 
These regions are unstable and in the IR-
15 gene are the cause of Huntington 
disease. 
Warrant 
It is speculated that these regions are 
worsened by DNA mismatch repair 
inaccurately correcting the error. 
Data 
This causes the repeat area to get even 
longer leading to earlier onset of worse 
symptoms of Huntington disease. 
Warrant 
When this area is translated as it is found 
in the exons, it produces proteins that have 
a different Beta-sheet that causes them to 
fragment and then come back together in 
huge groups. 
Data 
These groups are toxic to neural cells and 
could be the result of cognitive 
impairment in individuals with 
Hungtinton's disease. 
Warrant  
Huntington disease stems from a 
trinucleotide expansion repeat which can 
become increasingly debilitation as newer 
generations arise from an affected 
individual. 
Claim 
Errors in transcription result in the repeats. Data 
As these repeats are transcribed, 
more disease causing proteins are 
synthesized. 
Warrant 
The processes of transcription are related 
with Huntington disease. 
Claim 
A mutation that occurs during 





4.4.2 Application of Content Knowledge to Construct Arguments  
Presented in this section are the findings to the following research question: How 
does timing of students’ analysis of the case study affect their use of Central Dogma in 
argument construction, with a particular interest in warrants? 
4.4.2.1 Small Group Discussion 
Students in the CBL- group engaged in minimal conversation for the duration of 
the group discussion. The duration of the small group discussion for the CBL- group was 
approximately 30 seconds. As such, no instances of argumentation were observed.  
CBL- Student 1: “Yeah, so I think we should read off of the thing to provide 
evidence for our claim, whatever we claim. But other than that, I don't think we 
need to document too much. Can everybody see the link in the chat for the Google 
Doc?” 
CBL- Student 2: “Yeah, I can see it.” 
CBL- Student 1: “Okay, cool.”  
CBL- Student 3: “Yeah.” 
CBL- Student 1: “I’ll ask you to use this Google Doc to present when [inaudible]. 
All right, lets see here.”  
Nearly all participants had their cameras off during the duration of the group discussion, 
so no additional observations could be made. The observer suspects that students worked 
in a Google Doc without discussion for approximately 20 minutes.  
In contrast, students in the CBL+ group engaged in conversation throughout the 
20-minute discussion period. The nature of the conversation appeared to have a “divide 
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and conquer” approach, although all students contributed throughout. Students were more 
focused on developing responses rather than providing discussion. A student opened a 
PowerPoint slide and appeared to take the lead on discussion. For example: 
 CBL+ Student 2: “Okay. I will share my screen. Can you guys see this? Maybe?” 
 CBL+ Student 4: “Mm-hmm.” (affirmative) 
CBL+ Student 6: “Yeah, we could do a little bullet with a little description for 
each one.” 
 CBL+ Student 2: “And then just say like, figure out what we’re telling.” 
Students took this approach throughout the discussion. While the students were focused 
on answering the question, there were instances where students were willing to provide 
additional information in attempt to strengthen their response.  
CBL+ Student 5: “Is it also true that if the ones that have more of the repeats, 
they’re less stable and more likely to have the slippage and then make it expand? 
So, I guess we could, if we wanted to, say something about how the ones that 
already have 34, 36 repeats are more likely to end up expanding to where it 
would be having...” 
CBL+ Student 2: “So you’re saying when there are any repeats, we’re more 
likely to get more repeats?” 
CBL+ Student 5: “Yeah. If it’s already got a large, repeated region, it’s more 
likely to expand.” 
CBL+ Student 4: “I think we can add on, because this says how do these effects 
lead to Huntington’s? So, we can just say, the more repeats you have, the more 
likely the disease onset is earlier at an earlier age.” 
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Another aspect of the discussion illustrated here is students negotiating meaning. They 
test their ideas with their peers and ask questions to develop an understanding. The small 
group discussion created space for students to test these ideas and make sense of the 
disease and how the repeating RNA triplicates can lead to downstream effects in protein 
synthesis. 
Descriptions of how content was applied to construct argument are presented per 
each category: claims, data, and warrant, which are described in the following sections. 
4.4.2.1.1 CLAIMS  
  While coding the discussion, claim codes were predominantly reserved for 
specific Central Dogma processes unless another explicit claim was provided. 
Discussions were coded line by line, which approximately 45% of applied codes 
indicated that students did not provide a claim. When students provided a claim, students 
most often identified that replication, transcription, transcriptional regulation, and TNRs 
were involved in HD (10% for each code). Students also referenced translation, DNA 
slippage, and disease onset (5% for each code). Claims appeared to be missing due to the 
nature of the conversation (Table 27).  
While claims were made so that students could contribute to the conversation as 
in the previous excerpt, claims were also stated to direct the conversation to answer 
specific portions of the question. For example, the following discussion illustrates how 
two students presented claims and supporting data to prompt the group to reason through 
the additional effects of increased glutamates on protein folding. Within this example, 
Student 2 directs the conversation to translation. Students 8 and 7 provide data by 
presenting information about extra glutamines and gain-of-function mutations: 
170 
 
CBL+ Student 2: “Anything else to say about transcription? Okay. What do we 
want to say for translation? I think that was from the article that she gave. I don’t 
have anything else to add for translation. I guess that's true.” 
CBL+ Student 8: “Maybe we could talk about like how the extra glutamines affect 
the protein folding.” 
CBL+ Student 7: “I read on something, I can't remember what, but it said it like 
they weren’t sure, but then it might be a gain-of-function mutation.” 
Table 28. Content Utilized to Construct Claims During the CBL+ Group Discussion 
Code Frequency (%) 
Claim  Total of 20 codes applied 
None 45%; n=9 
Replication 10%; n=2 
Transcription  10%; n=2 
Transcriptional Regulation  10%; n=2 
Translation  5%; n=1 
TNR 10%; n=2 
DNA Slippage 5%; n=1 
Disease Onset  5%; n=1 
 
4.4.2.1.2 DATA 
Among the argument components, data was most frequently utilized, and students 
applied several topics in order to present data to the group. Most students discussed 
TNRs when presenting data (29.2%), but also commonly discussed DNA slippage and 
abnormal proteins (16.7% of codes for each). Other topics included protein toxicity 
(12.5%), enzyme activity (4.2%), RNA (4.2%), protein aggregation (4.2%), and physical 
characteristics of the HD brain (4.2%). Among applied codes within the data category, 
only 8.3% indicated that students did not provide data within their argument (Table 29). 
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Given that students were trying to collect data to answer question, the utility and diversity 
of this code was not surprising. Examples of claims that were observed include:  
• “…the ones that already have 34, 36 repeats are more likely to end up 
expanding.” 
• “…but trinucleotide repeats can form hairpin structures as RNA and then the 
double-stranded RNA sometimes is a target for regulatory enzymes.” 
•  “…the misfolded proteins have a tendency to aggregate and those aggregates are 
toxic.” 
• “…the striatum and containment regions in the brain and how those are like 
abnormally larger than normal brains for HD patients. 
Throughout the discussion, students referenced articles to help construct claims. For 
example, a student found an article to make sense of TNRs: 
“…, I just talked about mismatch repair and we found an article that said that 
the, their hypothesis for what causes or for something causing Huntington’s 
disease was that mismatch repair became overexcited and replaced way more 
nucleotides than it needed to.” 
Table 29. Content Utilized to Construct Data during the CBL+ Group Discussion 
Code Frequency (%) 
Data Total of 24 codes applied 
None 8.3%; n=2 
DNA Slippage 16.7%; n=4 
TNR 29.2%; n=7 
Enzyme Activity  4.2%; n=1 
RNA 4.2%; n=1 
Aggregation  4.2%; n=1 
Toxicity  12.5%; n=3 
Abnormal Protein  16.7%; n=4 




Warrants are statements that support an argument by connecting data and claim. 
Similar to the claims code, student discussion often lacked warrants. Three codes were 
applied to describe the nature of the warrant: no warrant present, cause symptoms, or 
cause TNR. Only four warrants were observed. Among the applied codes, 77.8% of 
coded data indicated that students did not provide a warrant. When students provided a 
warrant, students either discussed how the data contributed to the creation of TNR or the 
development of HD/symptoms (Table 29). An example of a warrant used within this 
discussion is outlined in Figure 8. 
 
If we’re wanting to include the transcriptional regulation part, 
 
Claim 
I just talked about mismatch repair, and we found an article that said that 
the, their hypothesis for what causes or for something causing 
Huntington’s disease was that mismatch repair became overexcited and 
replaced way more nucleotides than it needed to. 
 
Data 
And then it contributed to creating TNRs. Warrant  
Figure 8. Example of a Warrant-Containing Argument from the CBL+ Group  
 
Table 30. Content Utilized to Construct Warrants During the CBL+ Group Discussion 
Code Frequency (%) 
Warrant Total of 18 codes applied 
None 77.8%; n=14 
Cause TNR 11.1%; n=2 
Cause Symptoms  11.1%; n=2 
 
4.4.2.2 Individual Pretest and Posttest Reponses 
Unlike the class discussion, arguments constructed by students were more direct 
as discussion was not present. This allowed for clearer identification of claims, data, and 
warrants; the nature of dialogue can create complications in identifying argument 
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components. Results in how students apply content are organized per the following tier 
one codes: claim, warrant, and data. 
4.4.2.2.1 CLAIM 
On the pretest, both groups tended not to state claims in their written responses 
(CBL-, 83.3% (n=5); CBL+; 41.2% (n=7)). This indicates that the CBL+ group presented 
more claims compared to the CBL- group. Only one claim was presented in the CBL- 
group and that student referenced translation (16.7%). Students in the CBL+ group 
tended to present more diverse claims compared to the CBL- group. Among claims 
within the CBL+ group, replication (17.6%; n=3) and translation (23.5%; n=4) were most 
common. Students in the CBL+ group also discussed transcription (11.8%; n=2) and 
identified HD as a genetic disorder (5.9%; n=1) (Table 30).  
Claims became more frequent and diverse on the posttest. On the posttest, 
students in the CBL- group most frequently discussed replication (40%; n=4) and 
abnormal proteins (20%; n=2). Students in the CBL- group also provided vague 
descriptions of the Central Dogma (generally stating that all or some of the processes are 
involved) (10%; n=1), referenced translation (10%; n=1), and discussed inheritance 
(10%; n=1). Some students in the CBL- group did not provide claims (10%; n=1).  
Students in the CBL+ group provided a large range of claims compared to the 
CBL- group. Like the CBL- group, students in the CBL+ group also most frequently 
referenced replication in their claims (27.3%; n=6). Students in the CBL+ group also 
discussed general Central Dogma processes (13.6%; n=3), transcription (18.2%; n=4), 
transcriptional regulation (4.5%; n=1), translation (18.2%; n=4), TNR (9.1%; n=2), and 





Table 31. Codes Representing Students’ Claims on Their Pretest and Posttest Responses  







n= 22 codes 
None 83.3%; n=5 10%; n=1 41.2%; n=7 4.5%; n=1 
General 
Processes 
--- 10%; n=1 --- 13.6%; n=3 
Replication  --- 40%; n=4 17.6%; n=3 27.3%; n=6 
Transcription  --- --- 11.8%; n=2 18.2%; n=4 
Transcriptional 
Regulation  
--- --- --- 4.5%; n=1 
Translation  16.7%; n=1 10%; n=1 23.5%; n=4 18.2%; n=4 
TNR --- --- --- 9.1%; n=2 
Abnormal 
Protein  
--- 20%; n=2 --- --- 
Inheritance  --- 10%; n=1 --- 4.5%; n=1 
Genetic Disease --- --- 5.9%; n=1 --- 
 
4.4.2.2.2 DATA 
On the pretest, data provided by students in the CBL- group focused on mutations 
(50%; n=3), but students also referenced translation and abnormal proteins (16.7%; n=1 
for each code). 16.7% of codes indicated that students constructed an argument without a 
claim (n=1). Students in the CBL+ group also referenced mutation within their data 
(30.4%; n=7), but also provided more pieces of data within their responses: inheritance 
(4.3%; n=1), nondisjunction (13%; n=3), replication (4.3%; n=1), transcription (4.3%; 
n=1), translation (8.7%), TNR (4.3%; n=1), and abnormal protein (13%; n=3). Consider 
the following examples in Figure 9. On the pretest, both groups referenced mutations and 
provided approximately equal amount of depth within their reposes. However, the student 
in the CBL- group discussed in general terms while the student in the CBL+ group 
provided more detail. 
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CBL- Pretest  CBL+ Pretest  
Huntington Disease 
is a disease caused 
by gene mutation 
Data Mutations in a gene 
on the mRNA 
Data 
resulting in a non-
functional 
phenotype 
Warrant (translation) Claim 
which relates 
perfectly to the 
central dogma.  
 can cause 
Huntington disease 
and affect protein 
synthesis 
Warrant 
Figure 9. Example of Argument Data for the CBL- and CBL+ on Pretest Responses 
 
In the example presented in Figure 9 (above), the student in the CBL+ group 
provided more detail regarding the mutation by referencing how the change in the 
polymers influences translation and eventually described protein synthesis changes in the 
warrant. The student in the CBL+ group begins to describe the process of gene expansion 
and utilized the warrant to describe downstream consequences. The student in the CBL- 
group constructed a warrant about a gene mutation that results in a “non-functional” 
phenotype. The student example from the CBL- group generally referenced a mutation, 
which alters the phenotype, but lacks detail. The CBL- student does not provide depth or 
detail about the gene, nature of the mutation, or phenotype.  
 Posttest responses became more diverse with the CBL- group. Students began to 
discuss TNR as a more specific mutation (33.3%) in addition to inheritance (16.7%). 
Students also referenced the following topics as data: replication, transcription, 
translation, mutation, DNA slippage, and abnormal protein (8.3% for each code). 
Similarly, students in the CBL+ group also focused on TNR as a specific mutation 
(36.1%), but they also tended to focus more on DNA slippage (16.7%). These students 
also focused on transcription, translation, and abnormal proteins (11.1% for each code). 
However, few of the CBL students discussed inheritance (2.8%), which was often 
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reserved for general descriptions rather than discussions of TNR (Table 32). Given the 
codes that were applied to the CBL+ group compared to the CBL- group, students in the 
CBL+ group were able to provide more detailed data within their argument. The level of 
detail provides strong evidence to support the claim and provides evidence that they 
demonstrated a deeper understanding.  
 Similar to the pretest, a student in the CBL- group begins to supply more data, but 
most students still discussed data in general terms. In the provided example (Figure 10), 
the student in the CBL- group states that TNR are produced though DNA replication. In 
contrast, the student in the CBL+ group provides information on how TNRs lead to 
Huntington Disease. The student in the CBL+ group describes how TNRs are created by 




CBL- Posttest  CBL+ Posttest  
Huntington’s 
disease is the result 
of the production of 
an abnormal 
protein from a 
genetic mutation 
that was inherited 
from either parent.   
Claim Transcription and 
translation are 





copies of TNRs 
Data Huntington’s results 
from trinucleotide 
expansions, which 
can cause slippage 
and hairpin loops 
during transcription. 
These repeats can 
accumulate over time 
as more slippage 




that exacerbate the 
mutation and 
severity of the HD 
phenotype. 
Warrant  When a certain 
threshold of repeats is 
reached, an individual 
is said to have 
Huntington disease. 
The more repeats 
present, the earlier 
the onset of 
Huntington’s.  
Warrant  










Table 32. Codes Representing Knowledge Application within Students’ Data on Their 
Pretest and Posttest Responses  





n= 23 codes 
CBL+ Posttest 
 
None 16.7%; n=1 --- 17.4%; n=4 --- 
Inheritance  --- 16.7%; n=2 4.3%; n=1 2.8%; n=1 
Nondisjunction --- --- 13%; n=3 --- 
Replication  --- 8.3%; n=1 4.3%; n=1 5.6%; n=2 
Transcription  --- 8.3%; n=1 4.3%; n=1 11.1%; n=1 
Translation 16.7%; n=1 8.3%; n=1 8.7%; n=2 11.1%; n=1 
Mutation  50%; n=3 8.3%; n=1 30.4%; n=7 5.6%; n=2 
DNA Slippage  --- 8.3%; n=1 --- 16.7%; n=6 
TNR --- 33.3%; n=4 4.3%; n=1 36.1%; n=13 
Abnormal 
Protein  
16.7%; n=1 8.3%; n=1 13%; n=3 11.1%; n=1 
 
4.4.2.2.3 WARRANT  
Trends in content application in warrant construction appear to parallel data 
trends. Students in the CBL+ group tended to provide more detail in their warrants 
compared to the CBL- group. On pretest responses, a student in the CBL-group discussed 
phenotype in their warrants (16.7%; n=1), but most codes indicated that no warrant was 
constructed (83.3%; n=5). Students in the CBL+ group tended to construct warrants more 
frequently to connect their arguments to causes of symptoms (30.8%; n=4) or abnormal 
proteins (15.4%; n=2). Some warrants also include abnormal transcription, abnormal 
translation, and mutations (7.7%; n=1 for each code). 30.8% of codes indicated that 
students in the CBL+ group did not provide a warrant within their pretest responses (n=4) 
(Table 32). When considering the pretest examples, the student in the CBL- group simply 
refers to a non-functional phenotype in their warrant. The student in the CBL+ group 
begins to connect data to HD. The student in the CBL+ group discussed gene expansion 
caused by replication in their data. To support this, the student in the CBL+ group 
connected how the mutation within the gene would carry through RNA and protein 
synthesis (Figure 11.) 
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CBL- Pretest  CBL+ Pretest  
Huntington Disease 
is a disease caused 
by gene mutation 
Data The Central Dogma 
states that DNA 
makes RNA makes 
protein. Huntington’s 
disease is caused by 
errors in DNA 
replication 
Claim 
resulting in a non-
functional 
phenotype 
Warrant  when a specific 
repetitive region of 
the genome is 
incorrectly 
replicated. Extra 
repeats are added. 
Data 
Figure 11. Example of Argument Construction for the CBL- and CBL+ Groups on the 
Pretest Responses 
 
Both groups applied more content in their posttest warrants, but students in the 
CBL+ group tended to apply more content. Generally, both groups presented arguments 
to explain a process or downstream effects rather than just naming the content as in the 
pretests. Students in the CBL- group tended to focus equally on abnormal protein, 
mutation, and phenotype (22.2%; n=2 for each code) (Table 32). Students in the CBL+ 
group applied more diverse content in their warrants, as represented in Table 32. CBL+ 
students most frequently discussed topics related to the cause symptoms and abnormal 
protein codes, similar to their pretest responses. However, these students also began to 
provide more detail, as represented with the utilization of the cause TNR and toxicity 







CBL- Posttest  CBL+ Posttest  
During DNA 
replication, 
Claim All of the processes 
are involved 




polymerase adds on 
extra repeated 
nucleotides which 
will cause an 
expansion in the 
DNA. When this 
expanded DNA gets 
transcribed, the 
reading frame of the 
mRNA changes. 
Data there is a slippage 
in the DNA 
polymerase that 
creates TNRs, or 
trinucleotide 
repeats, of CAG in 
a hairpin loop. This 
hairpin loop when 
transcribed is 
incorporated into 
the mRNA as large 
amounts of repeats 
(from the 40s to 70s 
or even higher when 
“normal” is 
considered under 34 
repeats). This 
mRNA is then 
translated into a 
protein that has 
extra amino acids in 
the protein 
Data 
Therefore, there is a 
phenotypic change 
in terms of proteins 
expressed and how 
many. 
Warrant which leads to 
misfolding of the 
protein as extra beta 
sheets that change 
the structure enough 
to form aggregates 
which in bulk are 
toxic in the brain 
and destroy neuron 
function in the 
brain. 
Warrant 
Figure 12. Examples of Argumentation Warrants for the CBL- and CBL+ Groups on the 
Posttest 
 
When considering examples, both groups demonstrated in-depth knowledge about 
the relationship between DNA slippage and how TNR influences the mRNA reading 
frame. However, the CBL- warrants remain brief and only related protein expression to 
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phenotype. The student in the CBL+ group discussed the same data but provided more 
detail regarding hairpin loop structures and the number of TNRs to cause disease. Within 
this warrant, this student references specific protein structures (β-sheets) and connects 
that with overall physiology. When considering the overall results, the slight increase in 
topics applied within the CBL+ students’ warrants suggest an increase in reasoning 
(Figure 12).  
Table 33. Codes Representing Knowledge Application with Students’ Warrants on their 
Pretest and Posttest 
Code CBL- Pretest 
n= 6 codes 
CBL- Posttest 
n= 9 codes 
CBL+ Pretest 
n= 13 codes 
CBL+ Posttest 
n= 33 codes 
None 83.3%; n=5 22.2%; n=2 30.8%; n=4 12.1%; n=4 
Cause TNR --- ---  18.2%; n=6 
Cause 
Symptoms  
--- 11.1%; n=1 30.8%; n=4 24.2%; n=8 
Abnormal 
Protein 
--- 22.2%; n=2 15.4%; n=2 18.2%; n=6 
Aggregation  --- --- --- 6.1%; n=2 
Abnormal 
Transcription  
--- --- 7.7%; n=1 3%; n=1 
Abnormal 
Translation  
--- --- 7.7%; n=1 --- 
Mutation  --- 22.2%; n=2 7.7%; n=1  
Phenotype  16.7%; n=1 22.2%; n=2 --- --- 
Toxicity  --- --- --- 12.1%; n=4 
 
4.5 Discussion 
CBL has been demonstrated to support integration of clinical and basic sciences 
with real-world experiences and support critical thinking (Goeden et al., 2015; Latif et 
al., 2018). Students report that peer collaboration also support their learning (Srougi et 
al., 2013). Situated learning experiences, such as those presented as case studies, provide 
relevant experiences believed to support critical thinking. For a student to engage in 
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critical thinking, the student must be able to identify the importance and relevance of the 
topic they are learning. It has been suggested that relevance can support reasoning in 
genetics education (Olimpo et al., 2017). A previous study has demonstrated that students 
struggle with spatial reasoning while learning the Central Dogma, but the authors suggest 
that relevant learning experiences may support reasoning (Olimpo et al., 2017).  
Findings by Zagallo et al. (2016) suggest that problem sets developed from peer-
reviewed literature supported students in engaging in spontaneous argumentation. 
However, the article did not consider two aspects to learning: 1) authentic learning 
experience can be used to scaffold argumentation rather than instructing students on how 
to construct arguments; and 2) how students’ academic interests and background may 
have contributed to perceived relevance, if any. It is possible that the problem sets were 
constructed to appeal to a diverse range of career trajectories. If the students had 
perceived the activity as relevant, the problem sets could have supported critical thinking 
as expressed by argumentation (Facione, 1984; Facione, 1990; Zagallo et al., 2016). 
Within this study, just over 50% of participants indicated interest in pursuing 
professional degrees. Students in the CBL+ group (n=13) indicated interest in medical 
school (M.D. and M.D. /Ph.D.) (five students), genetic counseling (two students), 
research (three students), chemical engineering (switching major-one student), dental 
school (one student), and forensic psychology (one student). Of the six students self-
selected into the CBL- group, three students indicated interest in medical school, two 
students indicated interest in optometry school, and one student indicated interest in 
research. In either group, roughly half or a majority of students indicated interest in 
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medicine in addition to the two students in the CBL+ group that indicated interest in 
genetics counseling. This indicates roughly equal career goals between both groups.  
Both groups demonstrated improvements in argumentation with regards to 
construction and knowledge application. Considering that students had received no 
instruction about argumentation and expressed interest in similar goals, this data suggests 
that case studies can potentially be scaffolding for argumentation. Increased skills of 
argumentation through CBL are an exciting finding that support the work of Goeden et 
al. (2015) and Facione (1984;1990) and suggest steps to determine if critical thinking can 
be measured with argumentation.  
Given similar goals between the CBL- and CBL+ groups, an important distinction 
within the findings is that the CBL+ group tended to construct more complete arguments 
and apply more knowledge on the posttest responses compared to the CBL- group. While 
the CBL+ group tended to apply more content throughout, the CBL+ group tended to 
apply complete arguments between the pretest and posttest compared to the CBL- group. 
Notably, an increased number of warrants and detail within warrants were observed 
within the posttest responses compared to the CBL- group. This finding suggests a higher 
level of reasoning from students who reviewed and solved the case study prior to class 
discussion.  
Increased frequency of sophistication of warrant construction aligns with the 
results from Cowden and Santiago (2016), who suggested that literature searches can 
support critical thinking. Within the study by Cowden and Santiago (2016), which 
required students to solve research questions using peer-reviewed literature, students had 
to identify the relevance of and provide methods for literature evaluation. This activity 
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provided scaffolding to support critical thinking (Cowden & Santiago, 2016), although 
critical thinking was not assessed. Similarly, students solving the HD case study were 
required to support their answers with literature. Throughout the discussion, students 
within the CBL+ group were sharing references. Given that students in the CBL+ group 
demonstrated evidence of reviewing literature prior to class, a relationship between 
literature review and argumentation exists. As such, it is possible that providing student 
time to engage in self-regulated learning supports construction of argument warrants.  
While prior preparation appeared to support argument construction, especially 
with argument warrants, a difference in argument construction was observed between the 
CBL+ group’s individual pretest and posttest responses and their class discussion. 
Complete argument construction and warrant construction were more frequent in written 
responses. Similarly, individual written responses seem to better support argumentation. 
However, a potential disadvantage to written responses is less opportunity for students to 
interact with rebuttals, which determines the strength of the argument (Toulmin, 2000). A 
potential to circumvent this obstacle is to encourage peer review.  
Students have reported alternative perspectives within discussion groups (Latif et 
al., 2018). While the addition of perspectives was observed within class discussion, the 
discussion was task-orientated, and students appeared to engage less in reasoning. Rather, 
students provided more evidence. This type of interaction was similar to findings by 
Olimpo et al. (2017), which determined that students look for cues while answering the 
question. Such cues can ask as hints and may hinder students’ reasoning process. 
Likewise, within this study, students utilized the various portions of the question to direct 
the type of data that was needed. In these types of situations, additional scaffolding may 
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be required. For example, concept maps following Toulmin’s Uses of Arguments have 
been utilized for problem-based instruction in medical classrooms and have improved 
students’ argumentation, supported understanding complexity, increased learning gains,  
motivation, and supported students in making real-world connections (Si et al., 2019; 
Baig et al., 2016; Briggs et al., 2016; Surapaneni & Tekian, 2013). Instructional 
strategies, such as concept mapping, may be needed in discussion with minimal 
reasoning.  
Lastly, the results of this study demonstrated context-specific aspects of 
argumentation. While argumentation itself is context independent, the evaluation and 
reasoning process is dependent on the field of study (Jiménez‐Aleixandre et al., 2000). It 
has been previously suggested that the inclusion of superficial information within 
argument may be due to students struggling with underlying theory (Walker et al., 2019). 
Arguments within both groups appeared to become more sophisticated with content 
applications, but this was observed to a greater extent in the CBL+ group. Data was often 
followed with more detailed warrants, which were more frequently observed in the 
posttest responses of the CBL+ group. In these cases, the construction of warrant 
appeared to depend on the data that the students provided. In other words, more time to 
engage in literature and self-regulated learning allowed for a deeper understanding, 
providing more data, and constructing more sophisticated warrants.  
4.6 Limitations  
Within chemistry education, Toulmin’s argumentation model and derived rubrics 
are conventional methods to measure argument quality. A critique of Toulmin’s 
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argumentation model is related to its practical use in a classroom setting as distinguishing 
between elements within the Toulmin model can be a perplexing task (Brown et al., 
2010; McNeill et al., 2006). While the components of the Toulmin model are straight 
forward, they can be difficult to apply, especially during discourse. In both written and 
verbal responses, various argumentation components were difficult to distinguish at 
times. Additional components of the Toulmin model (backing and qualifiers) were not 
included to improve inter-rater reliability, but that has the potential to oversimplify the 
Toulmin argument. Additionally, and consistent with chapters 2 and 3, unequal group 
participation created difficulty while analyzing data. Due to the unequal group sizes, it is 
difficult to understand the full effect of learning gains while comparing the CBL- and 
CBL+ groups.  
4.7 Conclusions  
The first objective of this study was to determine trends in argument construction 
between CBL+ and CBL- groups. Both the CBL- and CBL+ groups demonstrated growth 
while constructing arguments, but it appears that the CBL+ group showed more growth 
compared to the CBL- group. However, within the CBL+ group, differences in written 
arguments and class discussion were observed.  
 The CBL- group did not engage in class discussion or, consequently, 
argumentation. The students in the CBL+ group constructed very few warrants. Instead, 
these students focused on data and claims to a lesser extent. The second objective of the 
study was to determine how students applied content knowledge to construct arguments. 
Data that was presented focused on TNRs, DNA slippage, and abnormal proteins. When 
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claims were stated, these tended to focus on replication, transcription, translation, and 
TNR.  
 In addition to class discussion, individual responses were also analyzed to 
determine trends in argument construction. When considering individual responses for 
the CBL- group, argumentation was minimally observed on the pretest and students 
mostly presented data. Most students constructed complete arguments on their posttest 
responses. Like the CBL- group, the CBL+ group demonstrated an increase in 
argumentation on the posttest. However, they also demonstrated stronger argumentation 
skills on their pretest responses. When determining how students applied content 
knowledge when developing arguments, the data presented appears to influence warrant 
construction. Students in the CBL+ group presented more in-depth data compared to the 
CBL- group, which in turn resulted in more sophisticated warrants. Students in the CBL- 
group provided more general warrants related to abnormal proteins, mutations, and 
phenotype. In contrast, students in the CBL+ group identified more specific processes, 









CHAPTER 5. CONCLUSIONS, SIGNIFICANCE, AND FUTURE RECOMMENDATIONS  
University biochemistry classrooms still heavily rely on traditional lectures to 
educate future scientists and physicians (Sharp et al., 2020). The predominant use of 
lectures to teach future physicians and scientists is problematic because without 
scaffolding that explicitly demonstrates how course content connects with real-world 
situations, students often do not establish real-life applications. However, university 
course instructors often assume that students can identify real-world connections on their 
own (McDermott, 2001). Instead, lectures promote surface-level learning strategies, such 
as memorization (Trigwell et al., 1999). Lack of real-world connections may contribute 
to persistent misconceptions in biochemistry and genetics (Olimpo et al., 2017). A 2009 
National Research Council report, A New Biology for the 21st Century, has called for 
improvements in science education to promote scientific reasoning skills, which require 
critical thinking (NRC, 2009). Biochemistry programs that are training their students for 
health professions have identified that students struggle to understand the importance of 
biochemistry and their future careers and call for curricular changes (i.e., Gadbury-
Amyot et al., 2009). A potential solution is to engage students in real-world challenges 
that scientists currently face, such as inherited genetic disorders like HD, and require 
knowledge from the Central Dogma of Molecular Biology (NRC, 2009).  
However, many misconceptions related to the Central Dogma persist in higher 
education and students struggle to understand the underlying processes that connect gene 
expression, protein synthesis, and the molecular interactions that result on an observed 
phenotype (i.e., Fisher, 1985; Southard et al., 2016). Currently, there are few studies 
about educational strategies for the Central Dogma in college classrooms or that address 
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these misconceptions while promoting the development of problem-solving skills in the 
context of real-world problems. Situated learning experiences, such as case-based 
learning (CBL), have been demonstrated to improve critical thinking skills in other 
biochemistry courses (i.e., Goeden et al., 2015), but such studies may be limited. If 
current strategies are maintained, then future generation of scientists and physicians will 
be attacking problems associated with health and genetics with weak problem-solving 
and critical thinking skills. 
 A strategy to support students in understanding the real-world applications of 
science include case studies, which have been recommended by Vision and Change in 
Undergraduate Biology to advance science education (Herried, 2016; AAAS, 2011). 
Furthermore, measurement of critical thinking often requires the use of context 
independent assessments, such as the CCTST (Facione, 1990). However, due to cost and 
the nature of the assessment, it is not necessarily appropriate to everyday instructional 
use. Thus, this dissertation proposes that a potential avenue to measure critical thinking is 
by evaluating students’ argumentation skills.  
This study implemented a directed case study unit to supplement traditional 
lectures while teaching the Central Dogma in undergraduate genetics classroom. Students 
engaged in the Central Dogma CBL unit to support their argumentation skills. Within this 
study, approximately half of the participants identified as individuals in pre-professional 
studies. Presenting a case study to students situates students in a scenario that they may 
encounter once they enter their respective professions or is closely related to their career 
interests. Presenting a case that students find interesting or believe is important or 
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relevant, will support students in developing a disposition towards the topic. A positive 
disposition towards a topic is necessary to engage in critical thinking (Facione, 1990).   
The innovation of this research is understanding how case studies support 
argumentation in the context of the Central Dogma, directly responding to the 
recommendations of A New Biology Initiative to train future scientist in addressing 
societal problems (NRC, 2009). It was hypothesized that situated learning experiences, 
such as CBL, would support argumentation as explained by using social cognitive theory. 
By participating in a situated learning environment, students increased their motivation 
with perceived task utility and self-efficacy, which then supports self-regulated learning 
(Bandura, 2010; Bandura & Walters, 1997; Bembenutty et al., 2016; Bonney et al., 
2005). Self-regulated learning is a process within critical thinking (Facione, 1990). 
Therefore, situated learning should improve critical thinking skills, such as 
argumentation, required for scientific inquiry. Further, students’ engagement with critical 
thinking may be assessed using argumentation. 
Activities such as argumentation provide scaffolding for the self-regulatory and 
critical thinking processes. Argumentation is a crucial component in critical thinking and 
has been described as the outward expression of critical thinking (Facione, 1990; Kuhn, 
1991). The significance of this study is that by understanding how case studies support 
argumentation, future research can narrow the relationship between argumentation and 
critical thinking. This knowledge can be used to develop a practical critical thinking 
assessment that can be used in biochemistry courses that is rooted in argumentation.  
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5.1 Major Findings 
5.1.1 Chapter 1 Summary  
The first major finding within this dissertation was the establishment that students 
possessed foundational knowledge of the Central Dogma. However, students struggled 
when tasked to apply content to real-world situations. Specifically, students experienced 
difficulty relating the Central Dogma to explaining Huntington Disease. As the overall 
objective of this dissertation was to determine how situated learning experiences through 
CBL can support argumentation, this study was required to determine students’ level of 
knowledge. Prior research has reported that students studying genetics and the Central 
Dogma struggle to understand that genes function to produce proteins, underlying 
processes (the Central Dogma) between gene and protein and genotype and phenotype, 
and the relationship between protein and phenotype (Duncan & Reiser, 2007; Fisher, 
1985; Lewis et al., 2004; Rotbain et al., 2005; Saka et al., 2006, Todd & Kenyon, 2016).  
 Given these considerations, the prior Central Dogma conceptions were 
determined within the context of a genetics reasoning model developed by Tsui and 
Treagust (2010). According to this model, a student engaging in novice-level genetics 
reasoning should connect genotype to phenotype (Tsui & Treagust, 2010). A student 
engaging in expert-level genetics reasoning should be able to understand that DNA 
sequence is the genotype and make connections that protein synthesis is the phenotype. 
To determine students’ level of genetics reasoning, students in this study were tasked 
with the following questions: 
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1. How would you describe the relationship between gene, genotype, gene 
mutations, phenotype, and disease? 
2. Think about the Central Dogma and Huntington disease. Which processes within 
the Central Dogma are involved in Huntington disease? How are they involved in 
Huntington disease? 
These questions were referred to as the foundation and application questions, 
respectively.  
In response to the application question, students appeared to understand the 
relationship between genotype and phenotype. A common genotype definition included a 
coded region of a gene or DNA sequence, but discussions about proteins were minimal. 
A subset of students appeared to understand that disease is considered a phenotype. All 
responses were presented as scientific fragments. Given the heavy use of scientific 
fragments and emphasis on connections between genotype and phenotype, it appears that 
students were at an intermediate level of genetics reasoning. However, the presence of 
responses involving proteins suggests that students were moving towards expert-level 
reasoning before the case study.  
 While students demonstrated foundational knowledge, it appears that students 
struggled to apply content information to a real-world scenario. Students often stated that 
they did not know how the Central Dogma was related to HD, which may have been 
hedged with a guess.  
5.1.2 Chapter 2 Summary  
The second chapter builds from the first to determine how CBL supported 
students’ learning and self-efficacy. Furthermore, this study sought to determine how 
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solving a case study prior to class supported learning outcomes. The quantitative portions 
of this study, the CDCI and self-efficacy survey, concluded that there were no significant 
differences between the CBL- and CBL+ groups. A conclusion within this dissertation is 
that the CDCI may not have aligned with students’ learning outcomes.  
 For the qualitative portion of this study, students responded to the same questions 
as presented in Chapter 1 on a pretest and posttest. Both groups appeared to benefit from 
the case study, and while the sample distribution created limitations within the analysis, it 
appears that students within the CBL+ group began to develop deep knowledge by 
observing subtle differences between the groups for both questions.  
 The case appeared not to support foundational knowledge, which may be 
attributed to a required prerequisite course. When assessing students’ foundational 
knowledge, it appears that students tended not to demonstrate learning gains and 
remained at an intermediate level of genetics reasoning when considering the learning 
progression outlined by Tsui and Treagust (2010). However, students in the CBL+ group 
began discussing proteins on their posttest responses. While this observation occurred in 
a subset of students, it appears that these students are moving towards expert-level 
genetics reasoning. Furthermore, students in the CBL+ group appeared to overcome 
misconceptions discussed in the summary of Chapter 1 (Duncan & Reiser, 2007; Fisher, 
1985; Lewis et al., 2004; Rotbain et al., 2005; Saka et al., 2006, Todd & Kenyon, 2016). 
 Slight differences about depth of knowledge also emerged within the application 
question. By the end of the case study, students within both groups demonstrated 
understanding about TNRs. However, differences between the CBL- and CBL+ groups 
are found with the depth of information students provided. Students in the CBL- group 
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spoke more generally about inheritance and replication. In contrast, students within the 
CBL+ group discussed TNR in relation to DNA slippage and how the mutation become 
incorporated into the mRNA. Additionally, students within the CBL+ group 
demonstrated a stronger ability to approach the HD case from a system-level approach by 
identifying how changes in protein structure results in aggregation and neural toxicity. 
Students in the CBL- group did not provide as much depth and only provided vague 
descriptions of phenotype. It also appears that students in the CBL+ group were more 
likely to construct scientific fragments and explanations compared to the CBL- group.  
5.1.3 Chapter 3 Summary  
The objective of the third chapter was to identify how and if solving a case study 
prior to class can support students’ argument construction. Both groups appeared to 
demonstrate improvement in constructing scientific arguments on their written responses. 
However, similar to the trends in the second chapter, students in the CBL+ group 
appeared to demonstrate higher levels of argumentation skills. On posttest responses, 
students within the CBL+ group tended to provide complete arguments and apply more 
knowledge.  
Students improved argument construction without explicit instruction on 
argumentation. Notably, an increased number of warrants and amount of detail within 
warrants were observed within the posttest responses compared to the CBL- group. This 
finding suggests a higher level of reasoning from students who reviewed and solved the 
case study prior to class discussion. This suggests that situated learning experiences, such 
as CBL, can be a strategy to scaffold argumentation. Increased content application within 
the CBL+ group also demonstrates the context-dependent aspect of argumentation. 
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Arguments within small group discussion occurred less frequently and with less 
sophistication, which suggests that verbal argumentation may require more scaffolding, 
such as concept mapping (Baig et al, 2016; Briggs et al., 2016; Surapaneni & Tekian, 
2013).  
5.2 Limitations  
This dissertation reported on the results of two intervention groups. The primary 
limitation within this dissertation is related to sample size and convenience sampling, as 
previously described in Chapters 2-4. Due to convenience sampling, this dissertation 
reported on descriptive quantitative and qualitative findings. The results of this 
dissertation cannot be generalized to a larger population of Central Dogma learners due 
to convenience sampling and small sample size. Related to the sample size, the two 
intervention groups were not equally distributed due to students’ ability to self-select into 
intervention groups. More students self-selected into the CBL+ group than the CBL-. In 
addition to sample size, this limited the type of statistical analysis that could be 
completed (Mann-Whitney U-text vs. ANCOVA). Due to unequal sample sizes within 
the two intervention groups, direct comparisons could not be made. Instead, 
generalizations from the data set composed the results of this dissertation. An additional 
limitation of this dissertation was conducting the study during a pandemic and the online 
offering of this course when it was offered in a traditional in-person lecture format in 
other years. That, too, might have affected the outcomes since the instructor was not as 
accustomed to the modality. Limitations within each component of this dissertation are 
further discussed in their respective chapters (Chapters 2-4). 
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5.3 Future Recommendations  
Critical thinking and argumentation are considered separate disciplines in 
biochemistry education, in addition to research in chemistry, biology, and medical 
education. Given the two research foci on critical thinking and argumentation, it appears 
that the development of critical thinking skills and reasoning processes are separate. 
Writing, peer collaboration, and CBL/PrBL have shown to improve critical thinking 
skills (i.e., Quitadamo & Kurtz, 2007). Argumentation has improved with scaffolding 
techniques, such as concept maps (Baig et al, 2016; Briggs et al., 2016; Surapaneni & 
Tekian, 2013), and relevant learning experiences (Zagallo et al., 2016). The literature’s 
predominant gap is a disconnected relationship between argumentation and critical 
thinking, despite the strong relationship between both concepts.  
Measurement of reasoning via argumentation and critical thinking outcomes are 
separate, but argumentation can provide insight into how students utilize content to 
analyze evidence while critical thinking. Students utilize argumentation while engaging 
in critical thinking (Facione, 1990). When considering the argumentation model outlined 
in Toulmin’s Uses of Arguments, the warrant connects the data to the claim and it often 
hypothetical (Toulmin, 2003). Context plays a role in argumentation and deciding what 
counts as a claim, data, or a warrant (Jiménez‐Aleixandre et al., 2000). Making decisions 
on what counts as a claim, data, or warrant requires evaluation that is dependent on 
knowledge within a specific field of study (Jiménez‐Aleixandre et al., 2000). Given that 
argumentation is a skill within critical thinking (Facione, 1990) and argumentation has 
been considered the outward expression of critical thinking (Facione, 1984; Jiménez-
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Aleixandre & Puig, 2012; Kuhn, 1991), argumentation may be a method to assess critical 
thinking.  
Critical thinking is often assessed with instruments such as the California Critical 
Thinking Skills Test (i.e., Dowd et al., 2018; Goeden et al., 2015; Quitadamo & Kurtz, 
2007). Argumentation is often measured with qualitative measures, such as the Toulmin’s 
Uses of Arguments or argumentation models derived from Toulmin’s argumentation 
model (i.e., Ju et al., 2017; Si et al., 2019; Walker et al., 2019). 
Future directions in assessing critical thinking skills in biochemistry education 
should consider how argumentation can be scaffolded and used as a proxy to assess 
critical thinking. The section that follows presents a proposed argumentation model that 
could be used to construct measurement tools for assessing critical thinking through 
argumentation.  
5.3.1 Proposed Argumentation Model 
The proposed argumentation model addresses the need to promote 
interconnectivity of critical thinking and argumentation. Considering Kuhn’s idea that 
argumentation is a reasoned argument and Facione’s idea that argumentation is the 
outward expression of critical thinking, assessing argumentation should reflect the 
relationship between these two concepts (Facione, 1990; Kuhn, 1991).  
Future directions should consider how argumentation can scaffold and assess 
critical thinking. Briefly, students need to identify a problem based on a set of 
observations to create a relevant learning experience to promote deeper learning and to 
facilitate argumentation, as supported by Zagallo et al. (2016). One possible direction is 
to develop an argumentation model that considers critical thinking concerning the 
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problem and the interconnectivity of critical thinking and argumentation (Figure 13). This 
model incorporates methods from Toulmin’s argumentation model, among others, while 
embedded with components of critical thinking (Brown et al., 2006; Duschl, 2003; 
Toulmin, 2003). Critical thinking skills are embedded in the warrant, beginning with the 
process of strategy development through interpretation. The new argumentation model 
supports evidence evaluation before establishing conclusions. The argumentation model 
can guide students through the critical reasoning process while helping instructors 
identify any deficiencies. For example, an observation may include a symptom for 
various diseases  that mask the underlying disease of HD. Upon forming a hypothesis, 
students collect data to test the hypothesis using argumentation as a scaffold. 
 
Figure 13. Proposed Argumentation Model for Biochemistry Education  
 
5.3.2 Future Short-term and Long-term Research Objectives 
 Given these considerations, the following short-term and long-term research 
objectives are recommended:  
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1. Short-term: Pretest and posttest questions, particularly the application question, 
require revisions to encourage students to predict how the Central Dogma is 
involved in genetic disorders and inheritable disease. This will allow for a more 
accurate understanding about students’ ability to transfer knowledge to a real-
world setting, even if they may not know the answer.  
2. Develop an assessment/concept inventory specific to the real-world applications 
of the Central Dogma, which can be developed from students’ discussions and 
individual written responses. Given that only general trends between groups could 
be provided, a concept inventory will allow for a measure to understand the extent 
of differences that may exist between the two groups. This would also address the 
limitations due to sample size and allow for a more complete understanding on 
how CBL implementation influences learning.  
3. Consider providing a graphic organizer to students, especially for discussion 
groups. While case studies appeared to support argumentation, data from the 
discussion group suggests that additional scaffolding would be beneficial to 
students, especially if they are extrinsically motivated. Future studies to 
understand the impact of additional scaffolding would be required.  
4. Study the relationship between argumentation and critical thinking. Literature 
suggests that argumentation and critical thinking are related, but it appears that 
the relationship may need further investigation. Future studies should include 
comparing a student’s critical thinking skills measured from a developed 
assessment, such as the CCTST, and investigating critical thinking skills against 
their arguments. Understanding this relationship will allow for the development of 
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an argumentation assessment that is practical for classrooms and purposeful in 
measuring critical thinking.  
 
Figure 14. Proposed argumentation model for biochemistry education.  
 
5.4 Conclusion 
Critical thinking and argumentation are closely connected concepts that describe 
reasoning and evaluation but often appear separately in biochemistry education research 
even though argumentation is the outward expression of critical thinking. Strategies that 
improve critical thinking include writing, peer collaboration, and CBL/PrBL. 
Argumentation improves when students engage in meaningful experiences. Additionally, 
traditional measurement systems, such as the CCTST, do not assess context-specific 
reasoning. Argumentation can be applied in the classroom to measure critical thinking 
and be used as a scaffold to support students. Learning must also occur in a relevant 
context for students that promotes critical thinking and argumentation. Based on a 
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literature review, a new argumentation model serves as a scaffold while designing 
learning experiences to meet the New Biology Initiative recommendations.  
The overall objective of this dissertation was to determine if multiple exposures to 
a case study can support argumentation. Based on the findings within this dissertation, 
case studies supported argumentation based on students’ written pretest and posttest 
responses. However, students who engaged in the case study prior to class constructed 
arguments with more detail and exhibited a system-level approach. Given this 
information, the first recommendation for teaching practice is to provide multiple 
interactions with a case study to support argumentation. Furthermore, students in the 
CBL+ provided stronger written arguments, compared to the small group discussion. 
Students may benefit from an argumentation framework or concept map to understand 











 APPENDIX 1. HD Case Study  
Read the following case study and the original medical report: 
 
The Manifestation of Juvenile Huntington Disease as Depression 
 
The following case study was developed and summarized from a published medical case 
report. 
 
Student 1: You are a physician and recently began concluding findings of a 
particularly interesting case. Four years ago, you examined Thomas (a pseudonym 
developed for this activity) for the first time. Thomas was ten-years-old and exhibited 
signs of progressive isolation and particular behavior. The mother described his 
behavior as removing himself from classrooms at school and found hiding 
underneath a bush. Additionally, his teacher noticed that he wrote essays that were 
aggressive in nature. His mother mentioned that this behavior began when he was 
about seven-years-old. 
 
Student 2: During the visit, you also learned that both of Thomas’s parents had a 
family history of Huntington disease. Additionally, severe depression has been 
reported on the father’s side of the family. During the examination, you also learned 
that Thomas’s father was hospitalized for depression with psychotic features and 
anxiety. Upon your examination with Thomas, you observed that Thomas exhibited 
signs of situational mutism, depressive mood, lack of energy, little interest in social 
engagements, and a poor appetite. Thomas communicated using single words, and 
while he did not make eye contact, he was aware of his surroundings. Overall, the 
results of Thomas’s somatic and neurological examination was normal and you 
diagnosed Thomas with major depression. 
 
Student 3: This week, you see Thomas again for the first time in four years. The 
mother discussed mutism, sadness, and social isolation. You observed that Thomas 
did not show facial expressions and minor twitching of his mouth. You noticed 
additional physical differences in Thomas compared to his examination when was 
ten-years-old, including him being round shouldered and exaggerated tendon 
reflexes. 
 
Student 4: At the same time, Thomas’s father was hospitalized for a suicide 
attempt demonstrated signs of paranoia, cognitive deterioration, and choreic 
movements. You also learned that Thomas’s paternal grandmother was also 
hospitalized for a suicide attempt and demonstrated symptoms of agitated 
depressive syndrome, progressive cognitive deterioration and reported loss of limb 
control. The grandmother’s brother has also suffered from depressive syndrome and 




Student 5: After learning more about the family history, you suspect Huntington 
disease and confirmed the diagnosis with molecular tests. Your task is to explain to 




Answer the following questions using peer-reviewed articles from your own 
literature search, when possible, in addition to the articles provided. 
 
Breakout Room 1: What is Huntington disease? What is the normal age onset for 
Huntington disease? How is Huntington disease diagnosed? 
 
Breakout Room 2: What are triple expansion repeats (TNR?) What role does TNR 
play in Huntington disease? 
 
Breakout Room 3: What happens during DNA replication under normal conditions? 
What happened during DNA replication when there is a TNR in the gene? How does 
TNR influence protein folding? 
 
Breakout Room 4: What is gene anticipation and what role does it play in 
Huntington disease? Using gene anticipation and data from the case report, why did 
Thomas develop symptoms of Huntington disease at a young age? Discuss gene 
anticipation in terms of both inheritance and DNA replication. 
 
Breakout Room 5: Explain the compounded effects TNR creates in the processes of 
the Central Dogma of Molecular Biology, including: transcription, transcriptional 
regulation, and translation. How do these effects lead to Huntington disease? How do 
each of the processes affected by TNR differ from the normal processes of DNA 
replication, transcription, translation, and/or transcriptional regulation? Provide details 
and evidence to support your reasoning. 
 
Breakout Room 6: Explain the compounded effects TNR creates in the processes of 
the Central Dogma of Molecular Biology, including: transcription, transcriptional 
regulation, and translation. How do these effects lead to Huntington disease? How do 
each of the processes affected by TNR differ from the normal processes of DNA 
replication, transcription, translation, and/or transcriptional regulation? Provide details 
and evidence to support your reasoning. 
 
Final Thoughts: Consider your responses for question 1-6. How do you explain the 





APPENDIX 2. Central Dogma Problem Set 
 
Central Dogma Problem Sets 
 
Please respond to the following questions: 
 















4. Consider your responses for questions 1-3. What is the relationship between 












6. List and define the processes within the Central Dogma of Molecular Biology. 
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9. Consider your response to question to the previous question: 
What is the relationship between the Central Dogma of Molecular Biology and 
phenotype? Draw a diagram that represents the relationship between the Central 





















10. What is the relationship between the Central Dogma of Molecular Biology 
and disease? 
11. Consider your response to question the previous question: 
What is the relationship between the Central Dogma of Molecular Biology and 
disease? Draw a diagram that represents the relationship between the Central 





























14. Research a genetic disorder that involves TNR. How does TNR influence 












APPENDIX 3. Self-Efficacy Survey  
 
Survey (not including CDCI) 
Note: The survey will be administered via Qualtrics and will include the Central 
Dogma Concept Inventory, which is attached as a separate document.  
 
Please respond the following questions: 
1. Please provide your name: 
Note: Your name will be removed upon data collection. The researcher is asking 
for your name because 1) to match your pre- and posttest responses and 2) to 
inform your instructor that you have completed the survey for extra credit. Your 
instructor will not know you if agreed to participate in the study. 
 
2. (Post test only) If you are interested in participating in an interview, please 
provide your UK email which the research will use to contact you.  
Note: Your email will be removed upon data collection. 
Please respond the following questions (post-survey only): 
1. Which pre-class homework did you complete? A) Case study B) Central 
Dogma Problem Set 
Please respond the following survey questions: 
Please respond the following on your ability to describe the following activities in 
the Central Dogma of Molecular Biology and select the response that most closely 
represents your current understanding (options will include (1) Strongly Disagree, 
(2) Disagree, (3) Agree, (4) Strongly Agree). 
 
1. I can describe which macromolecule is needed for transcription.  
2. I can describe which macromolecule is needed for translation.  
3. I can describe the structure of a typical human gene. 
4. I can describe which portions of eukaryotic genes are expressed to produce a 
protein. 
5. I can describe mRNA splicing.   
6. I can describe how DNA conformation changes during transcription.  
7. I can describe the similarities of mRNA, tRNA, and rRNA.  
8. I can describe the differences of mRNA, tRNA, and rRNA.  
9. I can describe the process of transcription.  
10. I can describe the process of translation. 
11. I can describe the function of mRNA in protein synthesis. 
12. I can identify which macromolecule is the building block of DNA. 
13. I can identify which macromolecule is the building block of RNA.  




15. I can describe how gene expression is related to phenotype.  
16. I can describe triplet repeat expansion.  
17. I can describe how triplet repeat expansion contributes to disease.  
 
Please respond the following questions:  
18. Think about the Central Dogma and Huntington disease. Which processes 
within the Central Dogma are involved in Huntington disease? How are they 
involved in Huntington disease?  
19. How would you describe the relationship between gene, genotype, gene 
mutations, phenotype, and Huntington disease? 
Please respond to the following questions: 
20. Was there anything surprising or any other experiences you had you had 
while completing the case studies? 
21. What challenges did you encounter? How did you overcome these 
challenges? 
22. What is your class standing? 
23. What is your major? 
24. What are your plans after your education at UK? 
Please respond to the following questions: 
25. What is your gender identify?  
a. Male  
b. Female 
c. Non-binary 
d. Prefer to self-describe:_________ 
e. Prefer not to answer 
26. What is your race (select all that apply)? 
a. American Indian/Alaskan Native 
b. Asian 
c. Black  
d. LatinX or Hispanic  
e. Native Hawaiian or Pacific Islander  
f. Other/unknown 
g. White 
h. Prefer not to answer 











APPENDIX 4. Foundation Question Codebook 
Developed codes for the following question: How would you describe the 
relationship between gene, genotype, gene mutations, phenotype, and disease? 
Code Description 




Student mentions a relationship between genes, amino acids, 
protein, or DNA, which the relationship may or may not be 
described.  Student may or may not describe that genes code 
for amino acids and/or genes code for proteins.  Students 
may also discuss that genes are a segment or portion of 
DNA.  Exclude discussion of genotype. If student also 
mentions phenotype, apply Phenotype--expression of genes.  
Genotype  Apply this code for students' definition of genotype. Student 
describes that genes code for the genotype. Student can 
describe genotype as a set of alleles or genes, in the entire 
genome/DNA.  Students discusses the purpose of the gene, 
not how the genes functions to achieve that purpose. If 
student also mentions phenotype, apply Phenotype--
expression of genes.  
Phenotype Generally refers to descriptions relating to phenotype.  
Expression 
of Genes 
Student describes phenotype as the molecular expression of 
genes and/or genotype, or vaguely describe phenotype as a 
reflection of genotype/genes. Also apply this code if students 
mentions a relationship between gene and phenotype without 
detail. Do not apply this code if student refer to expression of 
genotype as outward appearance. Do not apply this code if 




Phenotype   
Student states that the phenotype may or may not be 
influenced by disease. This code is used when the student is 
less specific on how disease and phenotype are related. 
Student does not directly state that phenotype causes disease 
or disease causes phenotype. Also apply code if student 
generally mentions disease or does not disease without any 
clear relationship. Do not apply this code when Phenotype--
cause disease or Phenotype--disease as phenotype has been 
applied.  
Physical 
Expression   
Students describes phenotype as a physical expression or 
outward appearance. Student does not clarify how phenotype 
and disease are related. Student may also describe to some 






Student states that phenotype causes disease or disease 
causes a phenotype. Student does not describe 
disease/phenotype with respect to the Central Dogma.  
Created by 
Protein  
Student states that phenotype is caused by a protein or 
protein expression. 
Disease as 
Phenotype   
Students states that disease is a phenotype or a change in 
phenotype. Do not apply when Phenotype--disease may or 
may not influence the phenotype and Phenotype--cause 
disease has been applied. 
Mutations Generally refers to mutations.  
Mutations Student describe any mutations with regards to genotype or 
phenotype. Mutations in genotype may also include 
mutations in genes and alleles. Students may describe a 
mutations in association with disease, but may not provide 
detail. May be used in combination with phenotype codes.  
  
 
APPENDIX 5. Application Question Codebook 
 
Focused codes for the following question: Which processes within the Central 
Dogma are involved in Huntington disease? How are they involved in Huntington 




Student responses which indicates that they do not 
know the answer. 
Does not know Student statements which include "I am not sure," "I 
cannot recall," " I do not have any knowledge," "I forgot," 
or other similar statements. Can be applied with other 





Students' response somehow relates to the Central 
Dogma.  
Replication   Student states that replication is involved in HD. 
Transcription  Student generally refers to transcription in their response.  
Transcription
--General 
Students mentions or use transcription in describing the 
Central Dogma, which may be vague. Does not relate 
process to protein synthesis or to HD or to other 
inheritable diseases.  
Transcription
--Function 
Uses to explain genetic link to HD (or give more details). 
Translation  Students may discuss translation error or how translation is 
involved in HD.  
Protein Student generally refers to the role of proteins in HD.  
Protein--
General 
Students describes that proteins are impacted, but is 
general or lacks description.  
Protein--
Abnormal  
Student discusses specific changes in protein, such as 
protein sequence, the addition of polyglutamine tails, 




Student mentions DNA slippage in replication or 
transcription.  
TNR  Student mentions or describe gene expansion, insertion of 
GAC repeats, or trinucleotide repeats in their response.  
mRNA Student discusses changes in mRNA sequence.  





Students describe or mentions nondisjunction. Student may 
not refer to nondisjunction by name, but rather only 
describe the process. 
Mutations  Students describe or mention mutations within their 
response  
Cause Disease  Students describes that mutations cause disease with or 
without providing detail.  
Gene Students describe a mutation in an allele or gene. Include 
description of TNR as mutation.  
mRNA Students describe mutation in mRNA 
Phenotype Students mentions mutation in relation to phenotype, but 
may not describe the specific relationship between 
mutation, phenotype, and disease.  
Inheritance  Students discuss inheritance within their responses.  
Inheritance--
Mendel  
Students describe mutation in relation to 




Student reference gene anticipation (increase of TNR per 
generation) or modes of inheritance.  
Downstream 
Effects 
Student discuss overall physiological effects of HD. 
Aggregation  Student mentions protein aggregates within their response.  
Neural 
Toxicity  
Student mentions neural toxicity or damage to nerve cells 
in their response.  
Phenotype Student describes that various aspects of the Central 
Dogma and their respective errors results in, is related, or 





APPENDIX 6. Comparison of CDCI and Learning Outcomes  
 
CDCI Assessment Items Application Question Codebook 
Type of molecule needed for 
transcription 
Replication   
Type of molecule needed for 
translation 
Transcription  
Chemical composition of DNA and 
RNA 
Transcription--General 
Nucleic catalytic activity  Transcription--Function 
Structure of human gene  Translation  
Promoters  Protein 
Protein production initiation  Protein--General 
DNA changes during transcription  Protein--Abnormal  
Chemical similarities between 
mRNA, tRNA,  and rRNA 
DNA Slippage 
Sequence of events in translation  TNR  
Sequence of events in transcription  mRNA 
Sequence of events in replication  Amino Acid 
Role of mRNA in protein synthesis  Nondisjunction  
Similarities between replications 
and transcription 
Cause Disease  
Consequences of mutations  Gene 
Splicing mRNA 
Central Dogma processes related to 
inheritable mutations  
Phenotype 
Processes related to non-functional 
protein product  
Inheritance  
 Inheritance--Mendel  
 Inheritance--Gene Anticipation  
 Aggregation  






APPENDIX 7. Argumentation Codebook 
First tier codes outlining the Toulmin argument.  
Code Criteria 
Claim  Assertion or main argument; what the author wants to prove to the audience. 
Could be a fragment of the sentence, which would be the main subject. Look 
for explicit use of words, such as replication, transcription, translation, 
transcriptional regulation.   
Data  Evidence or information which validates the claim. Evidence and facts to 
support the argument. May appear as vague information, such a mutation.   
Warrant  Assumption or statement which connects the data and claim and is typically 
hypothetical. This also includes concluding statements such as “this results 
in” or “this causes.”  
 
Second tier codes to identify themes in content application. 
Code Criteria  
Claim Codes that represent claims within group discussion and 
individual pre- and post-responses.  
None Student does not state a claim. 
General 
Processes 
Student states that either some or entire/all processes of the 
Central Dogma are involved in HD. This code should be 
used for generic responses that do not explicitly state 
replication, transcription, transcriptional regulation, and/or 
translation. If specific processes are referenced, do not 
apply this code. 
Replication  Student states that replication is involved in HD. 
Transcriptio
n 




Student states that transcriptional regulation is involved in 
HD.  
Translation Student states that translation is involved in HD.  
TNR Student mentions or describe gene expansion, insertion of 
GAC repeats, formation of hairpin loop, or trinucleotide 
repeats in their response.  
DNA 
Slippage  
Student mentions DNA slippage in replication or 




Student references onset of disease within their response. 
Genetic 
Disease  
Student states that HD is a genetic disease or stems from a 





Student discusses changes in protein, such as protein 
sequence, the addition of polyglutamine tails, changes in 
protein folding, changes in protein function, etc. Include 
discussion of protein synthesis.  
Inheritance  Student references inheritance.  
Warrant  Codes that represent students' warrants within their 
group discussion and individual pre- and post-responses.  
None Student does not state a warrant.  
Cause TNR Student states that the warrant is related to something 
creating a TNR, cause expansion, or a large repeat region.  
Cause 
Symptoms  
Student states that the warrant is related to something 
causing HD symptoms or causing disease. Specific 
symptoms may or may be described. Include discussion of 
disease severity and onset of disease.  
Abnormal 
Protein  
Student discusses changes in protein, such as protein 
sequence, the addition of polyglutamine tails, changes in 
protein folding, changes in protein function, etc. Include 
discussion of protein synthesis and gain-of-function 
mutation.  




Student references changes in transcription. 
Abnormal 
Translation  
Student references changes in translation. Exclude 
discussion of TNR. 
Mutation Student discusses changes or mutation in a gene, DNA, 
and/or RNA sequence.  
Phenotype Student describes that various aspects of the Central Dogma 
and their respective errors results in, is related, or 
contributes to a disease phenotype. 
Neural 
Toxicity  
Student mentions protein toxicity, neural toxicity, damage to 
nerve cells in their response.  
Data Codes that represent data within their group discussion 
and individual pre- and post-responses.  
None Student does not provide data.  




Student references nondisjunction  
General 
Processes 
Student states that either some or entire/all processes of the 
Central Dogma are involved in HD. This code should be 
used for generic responses that do not explicitly state 
replication, transcription, transcriptional regulation, and/or 
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translation. If specific processes are referenced, do not 
apply this code. 
Replication  Student states that replication is involved in HD. 
Transcriptio
n 
Student states that transcription is involved in HD.  
Translation Student states that translation is involved in HD. Include 
discussion of post-translational modifications.  
Mutation Student discusses changes or mutation in a gene, DNA, 
and/or RNA sequence. Exclude discussion of TNR.  
DNA 
Slippage  
Student mentions DNA slippage in replication or 
transcription. Include discussion related to primer template 
misalignment.  
TNR Student mentions or describe gene expansion, insertion of 
GAC repeats, formation of hairpin loop, or trinucleotide 
repeats in their response.  
Enzyme 
Activity  
Student discusses RNA-protein interactions (i.e., RNA 
serves as an enzyme target).  
RNA  Student vaguely discusses RNA in context of HD, but does 
not provide detail.  
Aggregation  Student mentions protein aggregates within their response.  
Toxicity  Student mentions protein toxicity, neural toxicity, damage to 
nerve cells in their response.  
Abnormal 
Protein  
Student discusses changes in protein, such as protein 
sequence, the addition of polyglutamine tails, changes in 
protein folding, changes in protein function, etc. Include 
discussion of protein synthesis and gain-of-function 
mutation.  
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